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Preface 


The aviation industry uses approximately 10.8 
exajoules (EJ) of fossil fuel energy every year, 
produces 700 m tonnes of COzeg, and accounts 
for nearly 12% of global transportation emis- 
sions. In addition to its detrimental environmen- 
tal impact, fossil-derived jet fuel is increasingly 
expensive and subject to market volatility. 
These factors are driving the development of 
renewable fuels for aviation. Recent decades 
have seen accelerated improvements in aircraft 
design that have produced huge efficiency 
savings. However, due to current infrastructure 
and safety requirements and the need for 
extended range versus payload, an energy-dense 
liquid fuel will still be necessary for the foresee- 
able future. Thus, to reduce the environmental 
impact of aviation in the short to medium 
term the production of an advanced biofuel is 
essential. 

The aviation sector is relatively small in com- 
parison with road transport; consequently less 
research and development has been invested 
in producing suitable alternatives in this area. 
Yet the challenges of developing an effective 
fuel are arguably greater: critical aviation fuel 
requirements are not met by traditional biofuels 
such as bioethanol and biodiesel, and a new 
approach is needed. 

The aim of this book is to guide readers 
through the latest research and the status of 
industrial development in this complex and 
important subject, and to consider the future 
prospects of aviation biofuels. Leading interna- 
tional scientists, engineers, policy makers, and 


economists have contributed chapters alongside 
industrial stakeholders across the supply chain 
to survey the current state-of-the-art in this area. 

In the first section an overview of the aviation 
sector is provided. In chapter 1, the necessity of 
creating suitable biofuels for aviation and the 
remaining challenges in delivering a sustainable 
solution are discussed. Chapter 2 considers the 
available feedstocks for the production of bio- 
fuels, their geographical distribution, and the 
potential of future biomass sources. Finally, 
chapter 3 discusses the certification and perfor- 
mance of a future aviation biofuel, including 
what an aviation biofuel must look like and 
where deviation away from the current interna- 
tional standards would potentially be acceptable. 

The major technological routes to an aviation 
biofuel are presented in the second section. 
Aviation biofuels are not one homogeneous mix- 
ture, and there are numerous chemical and bio- 
logical routes to a range of fuel-like molecules 
that could potentially be used. The diagram 
overleaf summarizes the major routes presented 
in this section. In chapter 4, the evidence for 
using biodiesel as a blending agent in Jet A-1 is 
presented, including further data suggesting 
certain FAME molecules can fit the Jet A-1 
fuel performance criteria if fractionated. In 
chapter 5, an alternative lipid conversion tech- 
nology is presented, where the catalysts and pro- 
duction routes to producing hydroprocessed 
esters and fatty acids (HEFA) are examined. 
Chapters 6 and 7 discuss the chemical and 
biological conversion of sugars and small 
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oxygenates. The current status of the promising 
alcohol-to-jet (ATJ) route is presented in chapter 
6, including the organisms currently under 
development to produce the alcohols 
from sustainable biological feedstocks. The latest 
research into the production of hydrocarbons 
suitable for aviation through solely biological 
routes, via advanced metabolic engineering, is 
presented in chapter 7. 

A further route to aviation fuels is through 
the thermal conversion of biomass to produce 
either crude bio-oils that can be upgraded 
similarly to crude oils in a refinery, or the 
production of novel hydrocarbon ranges that 
can be blended with existing jet fuels. In 
chapter 8, we examine the pyrolysis of ligno- 
cellulose and developing strategies to direct 
the upgrading steps to aviation range hydro- 
carbons. While pyrolysis is suitable for dry 
lignocellulosic biomass, the direct conversion 
of wet feedstocks—specifically algae—also has 
merit. The hydrothermal liquefaction of both 
microalgae and macroalgae is explored in 
chapter 9. Arguably the most established route 
to an aviation biofuel is through the gasifica- 
tion and subsequent Fischer—Tropsch (F-T) 
processing of the syngas. The production of 
syngas and its commercial challenges are 
presented in chapter 10. In the final chapter in 
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the section, the suitability of using additives to 
counteract some of the negative effects of 
using aviation biofuels is considered. 

In the final section we assess the impact of 
aviation biofuels on the wider world. In chapter 
12, we examine the potential environmental 
impact of some of the more established routes, 
with an overview of Life Cycle Analysis (LCA) 
studies in the area. Some of the key policy chal- 
lenges and opportunities to bring aviation bio- 
fuels to market are considered in chapter 13. 
Finally, chapters 14 and 15 describe case studies 
of bringing an aviation biofuel to market in 
Brazil and in the United Kingdom, examining 
the specific challenges, the infrastructure cur- 
rently in place, and considering what a future 
aviation biofuel sector could look like. 

We hope that by giving an overview of the 
whole aviation biofuel area, presenting the 
myriad of challenges and technological solu- 
tions to delivering a sustainable fuel, this will 
be a useful reference point for the engineers, 
scientists, industrialists, and researchers com- 
mitted to delivering a sustainable future for 
the aviation sector. 


Dr C.J. Chuck 
February 2016. 
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The Prospects for Biofuels in Aviation 
A.W. Schäfer 


University College London, London, United Kingdom 


1.1 INTRODUCTION 


Since the introduction of jet engine aircraft 
in the early 1950s, world air transportation rev- 
enue traffic volume has experienced unprece- 
dented growth. The shift to vastly more 
productive aircraft, in combination with infra- 
structure investments, has led to an increase in 
revenue tonne-kilometres from 5 billion in 
1952 to 650 billion in 2011, an average rate of 
8.9% per year [1,2]. Today, air transportation 
accounts for about 10% of the passenger kilo- 
metres travelled by all major motorized 
modes, and for around 40% of the interre- 
gional transport of goods by value [3,4]. In the 
future, air transportation is expected to 
continue to grow in both absolute and relative 
terms. 

The historical growth in air transportation 
was entirely fuelled with petroleum-derived 
jet fuel. Unlike any other sector, air trans- 
portation heavily depends on this high-energy- 
density fuel. Petroleum-derived jet fuels 
contain the largest amount of chemical energy 
per unit volume of all fuels, and the largest 
amount of chemical energy per unit weight of 
all liquid fuels. These desirable characteristics 
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imply a minimal sacrifice in terms of space 
and weight for on-board fuel storage, variables 
that directly translate into payload capacity 
and range. Yet, the search for alternatives has 
a long history. 

Several factors motivated the quest for 
petroleum-derived jet fuel substitutes. One 
stimulus was the requirement for higher- 
performance aircraft. In the 1950s, liquid 
hydrogen was studied for use in subsonic and 
supersonic military aircraft. Hydrogen’s nearly 
threefold energy content per unit weight com- 
pared to jet fuel was projected to translate into 
longer range and higher flight altitudes [5]. 
Thereafter, oil supply shortages and associated 
price increases during the Oct. 1973 to Mar. 
1974 Organization of the Petroleum Exporting 
Countries (OPEC) oil embargo were the impe- 
tus for large-scale alternative fuel research. In 
the aftermath of the first oil crisis, liquid 
hydrogen, and liquefied natural gas (LNG) 
were examined as alternative aviation fuels 
first at Lockheed in the US [6], then in the for- 
mer Soviet Union (eg, Sosounov [7]), and later 
in Germany (eg, Deutsche Airbus [8]). The 
detailed Lockheed studies estimated that the 
fuel efficiency benefits of liquid hydrogen 
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would increase with aircraft size and mission 
length. While cryogenic fuel-based narrow 
body, short-distance aircraft would experience 
energy intensities similar to their jet fuel-based 
counterparts, the largest energy intensity 
reductions (up to one-third) would emerge for 
large, long-distance, hydrogen-fuelled aircraft. 
During this entire period, and for nearly 100 
years, the perennial fear of peak oil — the point 
in time when half of the world’s oil resources 
will have been depleted and during which 
some analysts expect oil prices to skyrocket — 
has also contributed to the search for 
alternatives, especially during periods of high 
oil prices. 

In response to concerns about oil import 
dependence, governments have established a 
number of measures that affect the demand 
for, and especially the supply of, transporta- 
tion fuels. Key supply side measures have 
included funding research with the goal of 
developing alternative fuels, supporting the 
development of unconventional oil resources, 
and forming public-private partnerships to 
commercialize the production of synthetic 
fuels. However, as oil prices declined after the 
second oil crisis, so did government support 
for, and industry interest in, alternative fuels. 
The United States serves as an illustrative 
example. In 1982, Exxon abandoned a $5 bil- 
lion investment in the Colony Shale Oil 
Project, of which it held 60% of the shares [9]. 
In 1985, the United States Congress abolished 
the Synthetic Fuels Corporation, a public- 
private partnership with the aim of developing 
2 million barrels of synthetic fuels per day from 
coal and shale oil [10]. Also in 1985, funding for 
the Aquatic Species Programme — established 
during the Carter Administration with the goal 
of producing fuels from algae — was drastically 


reduced in preparation for discontinuation in 
1996 [11]. 

Oil-importing countries have also learned to 
deal with the traditional concern of oil price 
volatility. Mainly due to the replacement of oil 
in non-transport sectors and efficiency 
improvements in general, the oil dependence of 
many economies has continuously declined. 

However, a new challenge has emerged that 
is fundamentally different in nature. Burning 
1 kg of jet fuel generates around 3.2 kg of CO,, 
the most abundant greenhouse gas (GHG).' 
Since the beginning of industrialization, the 
atmospheric concentration of CO, has increased 
from 280 ppm in 1850 to around 400 ppm in 
2015. Today, aviation generates around 2.5% of 
energy use-related CO, emissions [12]. 

In light of the projected continuous increase 
in the consumption of fossil fuels to satisfy 
world energy needs, the atmospheric concen- 
tration of GHG emissions (primarily CO,) 
would continue to rise, further driving the 
anthropogenic greenhouse effect and thus 
increasing the mean Earth temperature. The 
projected implications would be unparalleled 
in human civilization. The thermal expansion 
of oceans and the melting of glaciers and ice 
sheets are expected to result in a sea level rise 
of several metres through 2100, depending on 
the amount of fossil fuels consumed and CO, 
emissions generated [13]. In addition, the fre- 
quency of extreme weather events, such as 
heavy rains and tropical storms, heat and cold 
waves, floods and droughts, is projected to 
continue to increase. These direct impacts are 
likely to cause a number of secondary effects 
such as increasing income inequality, mass 
migration, and terrorism. Fig. 1.1 depicts the 
historical growth trend in atmospheric concen- 
tration of CO, emissions. 


In addition to CO, air transportation contributes to climate change in other ways. Nitrogen oxide emissions 
reduce the atmospheric methane concentration but produce tropospheric ozone, another GHG. Their overall effect 
is net warming. The impact of line-shaped contrails on the greenhouse effect is greatly increased if they transition 


into cirrus clouds. 
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In response to these concerns, 197 countries 
committed in the Paris Agreement of the 
United Nations Framework Convention on 
Climate Change in 2015 to limit ‘the increase 
in the global average temperature to well 
below 2°C above pre-industrial levels and to 
pursue efforts to limit the temperature increase 
to 1.5°C above pre-industrial levels” [15]. This 
target would require the atmospheric concen- 
tration of CO, to be below 450 ppm in Fig. 1.1. 
For this to happen, global CO, emissions 
would have to peak around 2020 and subse- 
quently decline. Clearly, such a dramatic 
diversion of historical emission trends requires 
all sectors of the economy to participate, 
including aviation. This tight constraint on 
using the Earth’s fossil fuel endowments also 
implies that a third of global oil reserves, half 
of global gas reserves, and over 80% of global 
coal reserves, would have to remain unused to 
meet the target of 2°C [16] — the concerns 
have shifted from peak oil to excessive use of 
fossil fuels. 

Meanwhile, since the early 2000s, there has 
been a growing consensus that, though techno- 
logically feasible, a transition toward hydrogen 
aircraft and the supporting fuel infrastructure 
would be extremely capital-intensive. The 
commercialization of biodiesel fuels for road 
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FIGURE 1.1 Atmospheric concentration of 
CO, as measured at Mauna Loa, Hawaii. Source: 
National Oceanic and Atmospheric Administration 
(NOAA), ESRL data. Trends in atmospheric carbon 
dioxide. _http://[www.esrl.noaa.gov/gmd/ccgg/trends/ 
data.html, 2015 [14]. 
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transportation has exemplified a more practi- 
cal and economic approach for reducing avia- 
tion CO, emissions through a liquid fuel with 
similar specifications to petroleum products. 
The resulting interest in biomass-based ‘drop- 
in’ fuels, which would not require any infra- 
structure modifications, was initially in the 
form of vegetable oils and biodiesel as a jet 
fuel extender. However, first-generation bio- 
fuels have demonstrated three key disadvan- 
tages. Although they provide a large oil 
replacement potential, they show less promise 
in significantly reducing GHG emissions. Also, 
because the feedstocks of these fuels can be 
used for producing both food and fuel, they 
intensify the food versus fuel conflict. Finally, 
due to their poor low-temperature properties, 
only low blend levels can be used in the avia- 
tion sector. 

These limitations have drawn attention to 
second-generation biofuels, which offer a 
significant GHG emission reduction potential, 
largely avoid the food versus fuel trade-off, and 
can be designed to exhibit petroleum-derived 
jet fuel specifications. To enhance their deploy- 
ment, governments have sponsored ambitious 
biofuel programmes and imposed consumption 
targets. Recently, several commercial-scale 
cellulosic ethanol plants have begun operating 
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in the US, Europe, and Brazil [17]. In contrast, 
progress on biofuels for air transportation has 
been slower. Although three synthetic fuel 
production routes have been certified for use in 
aviation since 2009, only one process relying on 
hydrogenation of vegetable oils has started 
commercial-scale production. The largest 
potential for drop-in biofuels is rooted in a 
process that makes use of the more abundant 
low-cost cellulosic feedstocks. However, due 
to the capital-intensive synthetic fuel plants 
and the long time scales involved in scaling 
up production, the associated economic risk 
is high. The economic risk of all biofuels is 
further increased by a highly variable oil 
price and their comparatively high produc- 
tion costs. As a result of these factors, several 
biofuel companies went bankrupt, despite 
having developed promising novel gasifica- 
tion technologies. To overcome the commer- 
cialization challenge of producing synthetic 
jet fuels from biomass, government support 
will be required. 

This chapter provides an overview of the 
demand for air transportation, the supply tech- 
nologies that could help reduce CO, emissions, 
and the role biomass-based synthetic fuels 
could play in significantly reducing aviation’s 
carbon footprint. It concludes by addressing 
the challenges outlined above in greater detail. 


1.2 GROWTH IN AIR 
TRANSPORTATION, FUEL USE, 
AND CO, EMISSIONS 


Growth in air transportation and the econ- 
omy undergo predictable patterns. At early 
stages of air transportation development, 
erowth in air transportation exceeds that of the 
economy. With rising economic development 
and a growing base, growth rates in air trans- 
portation decline in order to converge toward 
those of the population in a mature market. 
This development — an initial strong growth 


and a subsequent decline in growth rates — is 
typical for all transportation systems and con- 
sumer goods at large, and can be observed 
both longitudinally and cross-sectionally. On a 
longitudinal dimension, United States air traf- 
fic volume grew at a rate of 10.5% per year 
between 1952 and 1980, whereas this rate has 
declined to 3.5% per year since 1980 [18]. On a 
cross-sectional dimension, the highest growth 
rates in air traffic currently occur in the emerg- 
ing economies of Latin America and Asia, 
whereas the lowest rates are being observed in 
the domestic markets of the United States and 
the European Union. 

Compared to the observed growth in global 
air traffic of 5.4% per year since 1980, the 
growth in fuel demand has been slower. 
Reliable, global-scale fuel consumption data is 
difficult to obtain for the period prior to 1980, 
but since then, jet fuel consumption has 
increased at a rate of 2.1% per year, effectively 
doubling every 33 years [19,20]. The difference 
in the growth rates of air transportation 
demand and fuel consumption of 3.3% per 
year can be attributed to fuel efficiency 
improvements. The latter have consisted of 
technological improvements, increases in pas- 
senger and freight load factors, and opera- 
tional changes such as increases in stage 
length. Because petroleum-derived jet fuel has 
been used nearly exclusively since the intro- 
duction of jet aircraft, direct CO, emissions 
have grown in proportion to jet fuel 
consumption. 

Econometric models predicting future levels 
of air transportation demand typically take per 
person income, population growth, airfares, 
and other factors such as viability of compet- 
ing modes, exchange rates, etc. as variables. 
Mainly because of an anticipated continuous 
increase in per person income and population 
growth, most projections suggest the global 
demand growth to remain at recent rates of 
around 5% per year, at least over the next 20 
years (as shown in Fig. 1.2). Most future 
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growth is expected to occur in the emerging 
markets of Africa, Asia, and Latin America, 
where income and population are projected to 
grow most rapidly. Airbus and Boeing project 
annual average growth rates in excess of 6% 
per year. In contrast, growth is projected to be 
at a more moderate 3% per year or less in the 
more mature markets within the industrialized 
world. 

Future advances in fleet fuel efficiency will 
then determine the amount of jet fuel con- 
sumed and, in combination with its fuel com- 
position, the amount of CO, emissions 
generated. Assuming the 2.1% annual growth 
in fuel use continues, along with a roughly 4% 
annual growth in air traffic, the 2011 global air 
transportation sector energy use of 10.8 EJ 
would more than double to 24.3 EJ in 2050. If 
continuously relying on petroleum-derived jet 
fuel, direct CO, emissions in 2050 would result 
in 1.8 billion tonnes. At the same time, a 
450 ppm atmospheric stabilization target, 
which would likely limit the temperature 
increase to below 2°C, would allow total 
anthropogenic CO, equivalent emissions to be 
below 20 billion tonnes in 2050. This would 
mean direct air transportation CO, emissions 
would account for as much as 10% of total 
energy sector CO, emissions. Yet, continuing 








FIGURE 1.2 Historical growth in passenger 
air transportation demand (1950—2011) and pro- 
jections for the future. Source: Schafer and Waitz 
(2014) [21]. The dashed line represents an annual 
growth by 5%. 
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to grow at a rate of 2.1% per year in light of an 
annual demand growth of 4% already requires 
significant annual improvements in fuel effi- 
ciency; otherwise, the air transportation share 
of CO, emissions would be even larger. 


1.3 GOVERNMENT AND 
INDUSTRY INITIATIVES TO 
CONTROL AIR TRANSPORTATION 
CO, EMISSIONS 


Whereas regulations of aircraft emissions of 
local air pollutants and noise date back to the 
early 1970s, efforts to control CO, emissions 
have emerged only recently. Since the early 
2000s, governments and industry have explored, 
specified, or introduced policies or targets to 
control air transportation CO, emissions. These 
targets, directly or indirectly, also affect the 
development and use of aviation biofuels. 


1.3.1 Airline Industry and Government 
Targets 


In 2009, the International Air Transport 
Association (IATA) announced a carbon neu- 
tral growth target beginning in 2020, with a 


I. AN OVERVIEW OF THE SECTOR 


8 1. THE PROSPECTS FOR BIOFUELS IN AVIATION 


subsequent CO, emissions reduction to 50% of 
the 2005 level by 2050. These targets are ambi- 
tious in light of the anticipated demand 
growth described above, and rely on a sub- 
stantial introduction of low-carbon fuels in 
addition to improved technology, operational 
measures, and emissions trading with other 
sectors, at least in the interim [22]. US 
Government agencies, such as the US Federal 
Aviation Administration (FAA), also adopted 
the vision of carbon neutral growth starting in 
2020. In addition, the FAA aims to reduce the 
climate impact of all aviation emissions rela- 
tive to the 2005 levels over the same period 
[23]. Most recently, the US Environmental 
Protection Agency (EPA) has started a process 
to regulate aircraft CO, emissions [24]. 
Moreover, the International Civil Aviation 
Organization (ICAO), a UN body, has begun 
to develop aircraft CO, emissions standards 
for new aircraft types and to explore a global, 
market-based mechanism on international 
routes [25,26]. It is expected that ICAO will 
introduce a global market-based measure in 
2016 that aims to maintain international 
aviation-related CO, emissions at the 2020 
level through a global CO, tax. 


1.3.2 European Emissions 
Trading Scheme 


The most concrete step towards controlling 
CO, emissions was implemented by the 
European Union, which has included commer- 
cial aviation in its CO, Emissions Trading 
System (ETS) since 2012. However, following 
massive protests from a number of non- 
European nations, the EU suspended the inclu- 
sion until 2016, with the expectation that ICAO 
would develop a market-based mechanism for 
aviation CO, emissions reduction that would 
be put in place by 2020 [27]. Under the ETS, 
biofuels are credited with zero CO, emissions 
if they satisfy the lifecycle GHG emission 


reductions relative to petroleum-derived jet 
fuels as specified by the European Commission 
(EC) Renewable Energy Directive (RED) 
discussed below. 


1.3.3 ACARE Targets 


Driven largely by the aspiration to expand 
the competitiveness of the European air trans- 
portation industry, and the European economy 
at large, the Advisory Council for Aeronautics 
Research in Europe (ACARE) — established in 
2001 and composed of key stakeholders from 
industry, regulators, and research/academia — 
generated two visions, one in 2001 for 2020 
[28], and another in 2011 for 2050 [29]. Both 
visions are ambitious and address several 
objectives, including travel quality and afford- 
ability, safety, industrial leadership, and envi- 
ronmental impact. They also include a set of 
recommendations on how best to realize them. 
On the environmental domain, the Flightpath 
2050 document specifies a goal of 2050 technol- 
ogies to reduce CO, emissions per revenue 
passenger kilometre (RPK) by 75% to support 
the above-specified IATA target, NOx emis- 
sions by 90%, and perceived noise by 65% 
compared to the average new aircraft in 2000. 
The two visions illustrate well how the way of 
thinking about alternative fuels has changed. 
Whereas the 2020 vision still expects that ‘low- 
polluting cryogenic fuels are becoming afford- 
able’ in 2020, Flightpath 2050 declares that the 
‘dependence on crude oil is reduced by drop- 
in liquid fuels from other sources at a competi- 
tive cost’. 


1.3.4 Biofuel Targets 


Biofuel programme development dates back 
to the 1970s, including the sugarcane-to- 
ethanol programme in Brazil or _ corn-to- 
ethanol production in the US. In the meantime, 
biofuel programmes have been introduced in 
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many other parts of the world, including the 
European Union. Common to nearly all of 
these early programmes is their focus on first- 
generation biofuels, with the implicit focus on 
road transportation. Only recently have these 
programmes shifted their focus to second- 
generation biofuels. 

In the US, the Renewable Fuels Standard 
(RFS) requires surface transportation fuels to 
contain a minimum volume of biomass-based 
fuels. At its inception in 2005, the total amount 
of renewable fuels was projected to increase 
from 11.1 billion gallons in 2009 to 36 billion gal- 
lons in 2022 [30]. Whereas the amount of corn- 
based ethanol was mandated to saturate at 15 
billion gallons in 2015, other, more advanced 
biofuels with a lifecycle GHG emission reduc- 
tion potential of at least 50% or 60%, depending 
on the type of fuel, are required to fill the gap. 
Despite the comparatively modest requirements 
for advanced biofuel volumes through 2015, the 
demands could not be met. In the European 
Union, the Renewable Energy Directive (RED) 
requires renewables to account for at least 20% 
of total energy supply by 2020 [31]. While the 
country targets range from 10% to 40%, each 
country must also ensure that at least 10% of 
its transport fuels are from renewable sources. 
Similar to the RFS, biofuels counted toward 





the 10% target must satisfy certain lifecycle 
GHG emission reductions compared to petro- 
leum fuels, increasing from 35% in 2010 to 
60% in 2018. Although the RED is directed 
to the entire transportation sector, biofuels have 
been consumed nearly exclusively in road trans- 
portation. In contrast, the European Advanced 
Biofuels Flight Path — launched in 2011 by the 
EC in close collaboration with Airbus, leading 
European airlines, and European biofuel 
producers — specifically targets aviation. Its 
objective is to facilitate funding of biofuel pro- 
duction plants to produce 2 million tonnes of 
sustainable biofuels (corresponding to about 
4% of current jet fuel consumption) for the 
European aviation sector in 2020 [32]. 


1.4 TRANSPORTATION SYSTEM 
CO, INTENSITY 


CO, intensity is the product of CO, emis- 
sions per unit energy, that is, the CO, emis- 
sions factor of the fuel, and the energy 
intensity of the transportation mode. Fig. 1.3 
depicts the relationship between CO, intensity, 
here lifecycle CO, emissions per revenue 
tonne-km (RTK), over the average amount of 
cargo carried for four freight transportation 


FIGURE 1.3 CO, intensity of freight trans- 
portation modes. Source: Adapted from: M. Gucwa, 
A. Schafer, The impact of scale on energy intensity in 
freight transportation, Transportation Research Part 
D: Transport and Environment 23 (2013) 41—49 
[33]. 
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modes (RTK over vehicle-km traveled (VKT)). 
Because all modes considered here are fuelled 
with oil products with an only slightly differ- 
ent CO, emissions factor, the differences 
across modes can nearly exclusively be attrib- 
uted to those in energy intensity. As can be 
seen, energy intensity declines with an increas- 
ing amount of load carried, in other words, 
increasing vehicle capacity (RTKavailapie/ VKT) 
and increasing freight load factor (RTK/ 
RTKavailable)) The inverse relationship between 
energy intensity and vehicle capacity can be 
attributed to the square-cube law, which 
applies to all modes but aircraft [33]. Energy 
intensity also declines with a rising freight 
load factor (RTK/RTKayaitapie). Although the 
higher payload mass increases E/VKT, it can 
be shown that it reduces VKT/RTK more 
strongly, thus resulting in an overall decline in 
E/RTK. Multiplying energy intensity by the 
lifecycle CO, emissions factor of the respective 
petroleum-based fuel leads to the lifecycle CO, 
intensity shown in Fig. 1.3. 

The CO, intensity of each mode develops 
within one respective envelope. All other fac- 
tors being equal, those transportation systems 
carrying the smallest amount of goods (light 
trucks) account for the highest level of energy 
and CO, intensity, whereas those exploiting 
scale to the largest extent (large water vessels) 
account for the lowest amount of energy used 
and CO, emitted per tonne-km. However, 
other important factors affect energy and CO, 
intensity too. Generally, the lowest energy and 
CO, intensity of ships results from their large 
scale, as manifested by their higher energy 
intensity at a given payload (eg, 1000 tonnes) 
compared to railways. This does not come as a 
surprise in light of the low (wheel-on-rail- 
based) rolling resistance of trains compared to 
a ship's hull resistance. Similarly, the 
compared-to-trucks higher energy intensity of 
dedicated freight aircraft mainly results from 
their one order of magnitude higher speed of 
operation. In addition, the payload weight 


accounts for less than 30% of the maximum 
take-off weight of dedicated freight aircraft, 
which is significantly less than the payload 
weight-to-gross vehicle weight ratio for heavy 
trucks of about 67%. 


1.5 AIRCRAFT CO, INTENSITY 


Aircraft CO, intensity is the product of CO, 
emissions per unit energy (the CO, emissions 
factor) and the energy intensity of the aircraft. 
Fuels with higher amounts of carbon per unit 
energy generate a larger amount of CO, emis- 
sions during combustion. To ensure a holistic 
perspective, the CO, emissions factor has to 
also account for those emissions released dur- 
ing the production and transportation of the 
fuel to its final destination. The resulting 
lifecycle-based emissions factor of petroleum- 
based jet fuels then increases the combustion- 
related CO, emissions factor by around 21% 
[34]. In contrast, aircraft energy intensity is 
affected by the technological characteristics of 
the vehicle components and can be derived 
from the Breguet range equation. Although 
this relationship only applies to cruise flight, it 
offers a perspective for understanding the 
determinants of aircraft energy use. The right- 
hand-side of Eq. (1.1) describes the two factors 
affecting aircraft CO, intensity per RPK (CO>2/ 
RPK) for passenger aircraft. 





CO, 
RPK 
Q x SFC Wr 
— Mee e H 
BE SAX VXI JD In (We/(Wo — Wr)) 


(1.1) 


According to Eq. (1.1), aircraft CO> intensity 
is affected (all other factors equal) by the car- 
bon content of the fuel (COEF) and several 
factors determining energy intensity. The latter 
consist of engine efficiency (or engine specific 
fuel consumption, ie, SFC), the number of 
passengers (PAX), the aerodynamic efficiency 
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(or lift-to-drag ratio, ie, L/D), and the structural 
weight (ie, the difference between take-off 
weight (Wo) and fuel weight before take-off 
(Wr)). Q represents the lower heating value of 
jet fuel (42.8 MJ/kg). 


1.6 REDUCING AIR 
TRANSPORTATION CO, 
INTENSITY 


The opportunities for reducing aircraft CO, 
intensity can be seen from Eq. (1.1). All other 
factors being equal, aircraft CO, intensity can 
be reduced through less carbon-containing 
fuels on a lifecycle basis (lower COEF), such 
as second-generation fuels from biomass, and 
through a lower aircraft CO, intensity. Aircraft 
energy intensity can be reduced in multiple 
ways, including a higher engine efficiency. In 
fact, improvements in jet engine efficiency 
have been the single largest contributor to the 
historical reduction of aircraft CO, intensity 
since around 1970 [35]. Other measures for 
reducing aircraft energy intensity include a 
larger number of passengers, higher aerody- 
namic efficiency, and a lower structural 
weight. Note that the variables in Eq. (1.1) are 
interrelated, which typically results in 























compensating effects. For example, while a 
larger wingspan increases L/D, it also increases 
structural weight. 

Whereas an increase in aircraft size cannot 
yield a decline in the energy and CO, intensity 
of the aircraft fleet, natural fleet turnover, 
a combination of fuel-saving technologies, air- 
line operational changes, and enhanced air 
traffic management (which reduce the right- 
hand-side variables in Eq. (1.1)) can. A recent 
analysis of the US domestic narrow body pas- 
senger aircraft fleet concluded that fleet energy 
and CO, intensity could be reduced by 2% per 
year through 2050 at oil prices between $50 
and $100 per barrel at zero marginal costs [12]. 
Fig. 1.4 depicts various CO, intensity trajec- 
tories with different levels of technology 
implementation; the cost-effective trajectory is 
represented by a dotted line. 

This mitigation potential could translate 
into carbon neutral growth or absolute reduc- 
tions of CO, emissions within the mature 
domestic markets of the industrialized world, 
where demand growth is projected to be 2% 
per year or less. However, mainly because of 
the strong demand growth in the developing 
world, which translates into global growth 
rates on the order of 5% per year, technology 
improvements would continue to be outpaced 
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on a global scale. Yet, stronger CO, intensity 
reductions could be achieved with biomass- 
based fuels. Trajectories 4 and 5 in Fig. 1.4 rep- 
resent a biofuel uptake of 15 and 30% of all jet 
fuels in 2050, which translates into a CO, 
intensity reduction of 2.2% —2.6% per year. In 
theory, even further reductions could be 
achieved with higher penetration levels of cel- 
lulosic biofuels. 

In addition to the continuous improvement 
in mainstream technologies, various concep- 
tual designs of electric and hybrid electric 
aircraft have recently emerged. These radically 
different propulsion systems promise signifi- 
cant fuel burn and emission reductions, espe- 
cially if combined with novel concepts such as 
distributed propulsion. However, in order for 
(hybrid) electric propulsion systems to be inte- 
erated into commercial aircraft, technological 
breakthroughs are required. For example, 
battery energy density needs to be increased 
by at least one order of magnitude, as would 
the specific power for (LNG-based) fuel cell 
systems [36]. The introduction of such propul- 
sion systems would be further delayed by the 
risk adversity of the aircraft industry. Given 
the high development costs of commercial 
aircraft, on the order of $10—20 billion, the air- 
craft industry manages risk by incremental 
changes to previous designs [4]. This evolu- 
tionary progression means that radical design 
changes can only occur over long-term peri- 
ods. Hence, over the medium-term (2020—50), 
advanced biofuels seem to be the most promis- 
ing option for drastically reducing aircraft 
lifecycle CO; intensity. 


1.7 BIOFUELS FOR AVIATION: 
OPPORTUNITIES AND 
CHALLENGES 


While hundreds of millions of years were 
required to form fossil fuels from biomass by 
nature, industrial plants dramatically accelerate 


nature’s geological clock to convert biomass 
into synthetic fuels. Multiple conversion path- 
ways exist. Until today, three process routes 
have been certified by ASTM International [37]. 
Biomass-based Fischer—Tropsch (F—T) fuels 
were certified in 2009. This process transforms 
lignocellulosic feedstocks into a synthesis 
gas, which, after purification, is converted 
into a liquid fuel using Fischer—Tropsch (F—T) 
synthesis. Hydrogenated Vegetable Oils, or 
Hydroprocessed Esters and Fatty Acids 
(HEFA), were certified in 2011. This process, 
which can be performed with existing refinery 
infrastructure, hydrotreats the triglycerides that 
compose waste fat and fatty acids (such as 
vegetable oil) to remove oxygen and double 
carbon bonds to paraffinic alkanes. In contrast 
to the two thermochemical processes, Direct- 
Sugar-to-Hydrocarbon, which was certified in 
2014, follows a biochemical process. It consists 
of an enzymatic hydrolysis of cellulosic feed- 
stocks with subsequent fermentation into 
hydrocarbon molecules and upgrading to jet 
fuel. Because the resulting paraffin only con- 
sists of one carbon chain length, the maximum 
certified blending ratio with petroleum-derived 
jet fuel is only 10%, as compared to 50% for 
the other two certified processes. As this book 
goes to press, the certification process of five 
additional process routes is ongoing [37], and 
many more are under development. Among 
the three approved processes, only HEFA fuels 
have been produced at commercial scale. 
Careful assessments for HEFA and F-T 
fuels show a significant GHG emission reduc- 
tion potential compared to petroleum-derived 
jet fuel under certain conditions. Provided no 
land-use changes are required for cultivating 
feedstocks, lifecycle GHG emission reductions 
of 70—90% could be achieved. On the other 
extreme, if tropical rainforests were converted 
to farmland, lifecycle GHG emissions could 
multiply by a factor of about eight compared 
to petroleum-derived jet fuel. In between the 
two extremes, the conversion of grassland and 
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logged-over forests to cropland can result in 
modest (if any) lifecycle GHG emission reduc- 
tions [38]. The binding constraint of avoiding 
land-use changes requires the use of waste bio- 
mass and algae feedstocks to the largest extent 
possible. Following such a strategy could result 
in greatly reduced CO; intensities, as exempli- 
fied in Fig. 1.3, for an assumed 80% reduction 
of lifecycle CO, emissions. If, in addition, 
assuming the energy intensity of the aircraft 
fleet could eventually be cut in half as a result 
of natural fleet turnover, fuel efficiency 
improvements, airline operational changes, and 
enhanced air traffic management as discussed 
above for narrow body aircraft, the lifecycle 
CO, intensity trajectories in Fig. 1.3 would be 
comparable to those from trucks operating 
under today’s conditions (not shown in 
Fig. 1.3). 

The requirement for avoiding land-use 
changes may limit the feedstock supply to, 
and thus the scalability of, the HEFA process. 
In contrast, biofuels based on more abundant, 
low-cost cellulosic feedstocks (municipal solid 
waste, agricultural residues, and industry 
waste) yield a significantly larger potential. 
For example, in the US, cellulosic biomass resi- 
dues from agriculture, forests, and urban 
wood amounted to nearly 230 million tonnes 
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in 2012, and is expected to grow to some 300 
million tonnes in 2030 [39]. These amounts, 
which correspond to 3.4—4.4 EJ of biomass — 
or, using a 50% conversion efficiency of bio- 
mass to F—T fuels, to 13—33 billion gallons of 
synthetic fuel — greatly exceed the nearly 11 
billion gallons of jet fuel consumed by the US 
commercial airline fleet in domestic passenger 
operations in 2012. 

However, while the biomass-based F—T 
process is proven at a demonstration plant 
size, scaling up the capital-intensive process 
has been challenging. These challenges range 
from obtaining high-quality feedstocks at the 
larger quantities required (thus coming from 
different geographic areas), to overcoming 
potential technical problems associated with 
the scale-up, to accessing and maintaining 
financing for the potentially long transition 
period from demonstration plant size to 
full commercial scale. In addition, during the 
transition period, government policies and 
oil prices may change, as discussed in the 
introduction of this chapter. 

Fig. 1.5 depicts the variability of the jet fuel 
spot price and the projected cost range of bio- 
fuels from low-cost agricultural and industrial 
wastes via thermochemical and biochemical 
processes [20,40,41]. Given a spot market price 


FIGURE 1.5 Historical jet fuel spot price and 
projected range of production costs of biofuels via 
biochemical and thermochemical processes. The 
cost range of biofuels is based on [40] and [41]. 


2050 
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of around $1 per gallon at the end of 2015, a 
carbon tax of around $250 per tonne of CO» 
(around $920 per tonne of carbon) would need 
to be imposed in order to achieve cost- 
effectiveness of synthetic biomass-based fuels. 
This tax is extremely high, and it is difficult to 
imagine its implementation. Yet, the low spot 
market price of jet fuel mirrors low oil prices, 
which are likely to increase again once overca- 
pacities in the oil market cease to exist. 


1.8 CONCLUSIONS 


Biofuels can play a critical role in reducing 
air transportation CO, emissions. The antici- 
pated continuous strong growth in air trans- 
portation demand of around 5% per year over 
the next several decades cannot be compen- 
sated by fuel efficiency improvements alone. 
Alternative fuel options exist, but there are 
challenges. Liquid hydrogen could strongly 
reduce the CO, intensity of aircraft and reverse 
the CO, growth trend. However, although 
technologically feasible, a transition toward a 
hydrogen infrastructure would be extremely 
capital-intensive. In addition, potential disrup- 
tive technologies such as hybrid/electric pro- 
pulsion systems would require technological 
breakthroughs to be introduced into commer- 
cial aircraft and thus represent only long-term 
opportunities for reducing energy use and 
CO, emissions. In contrast, second-generation 
biofuels from waste and renewable feedstocks 
could help bridge the gap and enable the air- 
line industry to reach carbon-neutral growth in 
the medium-term, and even reduce CO, emis- 
sions over the longer term. 

Up until 2015, three second-generation pro- 
duction processes have been certified for blends 
with petroleum-derived jet fuels, and many 
other processes are either expected to receive 
certification or are still being explored. Among 
the certified processes, only HEFA fuels are 
already being produced at industrial scale. 


However, the underlying process may not be 
sufficiently scalable due to its reliance on 
waste fats and vegetable oil feedstocks that may 
compete for food production or induce CO,- 
intensive land-use changes. In contrast, the 
other two licensed processes build upon abun- 
dant cellulosic fuels. Among those, F—T fuels 
are closest to commercialization, but the capital- 
intensive process, the potentially long time 
periods required for scaling up the process, and 
variable oil prices require policy measures. 

Multiple policy targets, measures, and 
Research and development (R&D) pro- 
grammes that affect aircraft manufacturers, air- 
lines, and fuel producers directly or indirectly 
are already in place or about to be introduced. 
However, in many countries, energy policies 
supporting the deployment of biofuels have 
focused on road transportation via cellulosic 
ethanol and renewable diesel through manda- 
tory production quotas and fiscal incentives. 
Removing these distortions by opening up the 
biofuel market to other modes is critical, as is 
coordination across countries to ensure consis- 
tency of sustainability standards. This is espe- 
cially important for airlines, which purchase 
fuel in multiple countries with potentially con- 
flicting standards and could be credited 
against market-based measures. 

The history books are full of energy policies 
that were guided exclusively by oil price 
developments. However, oil price may not 
be a reliable ally in the fight against climate 
change. The large risk associated with scaling 
up fuel production from demonstration to 
commercial scale of capital-intensive synthetic 
fuel plants requires coordinated, predictable, 
and long-term government policies to ensure 
investor confidence. These policies could con- 
sist of subsidies, mandatory production quo- 
tas, or other measures. 

Although comparatively abundant, competi- 
tion for cellulosic feedstocks may ultimately 
arise between road and air transportation. 
However, once a level playing field exists, 
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that is, subsidies and regulations are applied 
equally to both sectors, the market will decide 
about the quantities consumed in each sector. 
Given the reduced degrees of freedom for fuel 
shifting in air transportation, this sector’s will- 
ingness to pay for biofuels may be larger and 
thus attract a larger share. 
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Presented throughout this book are a num- 
ber of chemical and biological processes to 
produce effective aviation biofuels, however, a 
cost effective solution is highly dependent on 
the feedstock suitability and availability. In this 
chapter the major biomass resources available 
for fuel production are presented, including the 
global production, the regional availability, key 
challenges in delivering suitable quantities of 
biomass as well as key forecasts on the avail- 
ability for bioenergy ahead to 2050. 


2.1 FEEDSTOCKS FOR BIO- 
DERIVED AVIATION FUELS 


2.1.1 Fermentation Sugars 


The dominant global feedstock for biofuel 
production is simple sugars derived from agri- 
cultural starches, mainly in the United States, 
and from sugarcane predominantly grown in 
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Brazil. Sugarcane is one of the most photosyn- 
thetically efficient crops, cultured mainly in 
warm to tropical regions. The stalks of the 
cane can constitute over 70% of the mature 
plant and contain up to 20% sucrose by 
weight. Sugarcane is the world’s largest grown 
crop, with approximately 1.8 billion tonnes 
cultivated in 2013 (Table 2.1) [1]. While the 
majority of this crop is used directly for sugar 
production, increasingly large amounts of the 
cane are being used for biofuels such as etha- 
nol (Table 2.2). 

Sucrose is mainly derived from sugarcane, 
however, a number of other crops are also cul- 
tivated for simple sugars, including sugar beet, 
sorghum, and whey. These types of crops offer 
an inexpensive source of fermentable sugar. 
These sugar crops only need to be milled prior 
to fermentation, and the extraction of sugars is 
relatively simple and inexpensive [3]. The fuels 
produced can be derived directly from the 
sugar hydrolysate, or more commonly, from 
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TABLE 2.1 


Country or 
Region 


World 
Africa 
Americas 
Asia 

Europe 
Oceania 

BY COUNTRY 
Brazil 

India 

China 
Thailand 
Pakistan 
Mexico 
Colombia 
Indonesia 
Philippines 
United States 
Australia 
Guatemala 
Argentina 
Vietnam 
South Africa 
Egypt 

Cuba 

Peru 
Myanmar 
Bolivia 

El Salvador 


Ecuador 


Hectares 
Under 


26,522,734 
1,533,641 
13,571,208 
11,036,446 
64 

381,375 


9,835,169 
5,060,000 
1,827,300 
1,321,600 
1,128,800 
782,801 
405,737 
450,000 
435,405 
368,588 
329,303 
261,520 
370,000 
309,300 
325,000 
139,600 
361,300 
82,205 
156,500 
167,662 
78,200 
101,066 


Average 
Yield 
(Tonnes/ 
Cultivation Hectare) 


70.77 
63.36 
74.13 
67.49 
85.16 
76.26 


7317 
67.43 
69.03 
73.74 
56.48 
78.16 
85.96 
74.89 
73.21 
Zal 
82.40 
100.70 
64.05 
64.72 
55.38 
115.33 
39.86 
133.72 
63.26 
48.11 
91.80 
70.83 


Worldwide Production of Sugarcane 


Total 
Production 
(Tonnes) 


1,877,105,112 
97,168,645 
1,005,988,943 
744,857 430 
5450 
29,084,644 


739,267,042 
341,200,000 
126,136,000 
100,096,000 
63,749,900 
61,182,077 
34,876,332 
33,700,000 
31,874,000 
27,905,943 
27,136,082 
26,334,667 
23,700,000 
20,018,400 
18,000,000 
16,100,000 
14,400,000 
10,992,240 
9,900,000 
8,065,889 
7,179,000 
7,158,265 


(Continued) 


TABLE 2.1 (Continued) 
Hectares 
Country or Under 
Region 
Nicaragua 71,567 
Sudan 69,804 
Venezuela 130,000 
Iran 71,000 
Honduras 72,500 
Kenya 85,000 
Paraguay 116,000 
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Average 
Yield 
(Tonnes/ 


Cultivation Hectare) 


98.18 
97.39 
51.54 
87.32 
84.08 
69.41 
47.80 


Total 
Production 
(Tonnes) 


7,026,599 
6,797,900 
6,700,000 
6,200,000 
6,096,000 
5,900,000 
5,544,797 


Data adapted from the Food and Agricultural Organisation of the United 
Nations Food and Agricultural Organisation of the United Nations. 


<http://faostat.fao.org> in United Nations, 2015. 


TABLE 2.2 Bioethanol from Sugarcane Producers 


Globally 


Country 
Brazil 
China 
Thailand 
Argentina 


India 


Ethanol 


Production 


(Tonnes) 
18,487,610 
1,896,548 
925,874 
477,870 
462,937 


Estimated 
Land Area 
Used for 


Bioethanol 


(Hectares) 
3,124,227 
320,498 
156,464 
80,755 
78,232 


Approximate 
Percentage of 
Total 
Sugarcane Land 
Area Used for 
Biofuels 


32% 
18% 
12% 
22% 
2% 


Data modified from [1] Food and Agricultural Organisation of the 
United Nations. <http://faostat.fao.org> in United Nations, 2015; [2] 
Going Global 2015 Ethanol Industry Outlook. <http://www.ethanolrfa. 
org> in Renewable Fuels Association, 2015, assuming all bioethanol 
production from that country is produced from sugarcane with a yield of 
7500 L/ha per hectare. 


the molasses produced as a by-product of 


food-grade sugar production [4]. 


Sucrose can be produced efficiently in large 
volumes, especially in Brazil. As such, the pro- 
duction of ethanol via fermentation has a posi- 
tive energy balance and low environmental 
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impact relative to gasoline production, with 
greenhouse gas (GHG) savings ranging from 
46—90% [5]. As such, Brazilian-produced 
sucrose is the main feedstock for fermentation 
technologies in the aviation field, such as far- 
nesene production by Amyris [6]. However, 
sugarcane production is dependent on the spe- 
cific climate, and despite its high photosyn- 
thetic efficiency, the land area needed for 
significant cultivation is still substantial and in 
direct competition with other food crops. In 
addition, any aviation biofuel produced from 
sugarcane would be in direct competition with 
bioethanol as a gasoline substitute. 

An alternative to the production of fuel 
from sucrose is to ferment simple food 
starches. While the technology of fermentation 
is similar to the sugar process, Saccharomyces 
cerevisiae cannot directly use starch, and there- 
fore the polysaccharide must be hydrolyzed to 
release the fermentable glucose. To enable this, 
the starch is extracted through a milling pro- 
cess, gelatinized, and then hydrolyzed enzy- 
matically by two enzymes, a-amylase and 
amyloglucosidase, prior to fermentation [3]. 

The predominant biofuel crop, mainly used 
in the United States, is corn grain, though 
other starches such as wheat starch or cassava 
starch are used in a limited capacity across the 
globe. The main producer of biofuel from 
starch is the United States, where approxi- 
mately 60% of the global ethanol market is 
produced from corn grain [7]. 

While the technology of fermentation is well 
established, the use of starch-based technology 
for ethanol production seems to be reaching a 
maximum. Approximately 36% of US grain 
production is used for livestock feed, with 40% 
diverted for biofuel use. However, even if all 
US corn was diverted to ethanol production, 
this would only account for approximately 
15% of domestic fuel use [7]. In addition, while 
corn ethanol has a positive energy balance, it 
has poor GHG savings. Much of the uncer- 
tainty associated with this is due to calculation 


methodology choices or regional variability 
[5,8]. It has also been predicted that the impact 
of increasing starch-based biofuel production 
could have a large impact on food prices. 
Agricultural commodities could increase in 
price by up to 34% and livestock by 6% by 
2020 at current trends [9]. 


2.1.2 Lignocellulosic Feedstocks 


Due to limited yields and region-specific 
growth of sugarcane as well, second- 
generation lignocellulosic biofuels are being 
intensely studied. Lignocellulose can be 
derived from one of four main sources: agri- 
cultural residues, wood residues, food waste, 
and specific energy crops. While assessments 
vary substantially, it is estimated that approxi- 
mately 2.5—6 billion tonnes of lignocellulose 
biomass could be available for fuel production 
without significantly impacting food supplies. 


2.1.2.1 Agricultural Residue 


Agricultural residue, or agro-residue, is the 
lignocellulosic material including the stalks 
and leaves left over once the edible portion of 
the plant, such as the grain, has been extracted. 
The production of agricultural residue is huge, 
with an estimated total of between 1.5 and 3.9 
billion tonnes of residue produced globally 
each year [10,11]. A number of factors are 
important in assessing the suitability of agri- 
cultural residues as a feedstock for biofuels. 
These include the total crop yield, the amount 
of residue produced, the composition of the 
crop, and the inherent energy content 
(Table 2.3). 

The view that all agricultural residue is a 
waste product, and therefore is free for the 
production of biofuels, is overly simplistic. A 
number of competing uses of residue exist that 
could restrict the availability of this feedstock 
to the fuel market. These range from plough- 
ing the residue back into the land, the use of 
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TABLE 2.3 Agro-Residue Production and Composition 


Crop 
Barley 
Cassava 
Coconut 
Cotton 
Maize 
Millet 
Oats 

Oil palm 
Potatoes 
Rapeseed 
Rice 

Rye 
Sesame 
Sorghum 
Soybean 
Sugar beet 


Sugarcane 
bagasse 


Sunflower 
Wheat 
TOTAL 


Global 


Production 


of Edible 
Portion 
(‘000,000 
Tonnes) 


144.8 
276.7 
62.0 
44.5 
0.0 
1016.7 
29.9 
55.8 
368.1 
72.3 
745.7 
16.7 
4.8 
61.4 
276.4 
250.2 
1877.1 


44.8 
713.2 
6,602 


Residue 
to Crop 
Ratio 


2.25 
0.088 
0.419 
1.5 
2.0 


29 
2.6 
0.25 


1.5 
229 
1.5 
1.07 
0.85 


0.3 


5.0 
1.5 


Estimate of Annual Residue Production 2010 


(‘000,000 Tonnes) 


Africa America Asia 


10 24 
0—64 149—445 
23 0.4 

0.2 5 

5 10 
21—35 37—56 
0.1 4 

32 34 

3 8 
11—22 88—241 
5.3—33 63—169 


Moisture 
Content 
Europe Oceanic World (wt) 
30 111 11 186 
9—10 
12 
34—246 29—85 0.2—0.5 203—840 11—15 
24 0.5 0.06 48 
1 12 1 20 
38 27 0.4 8 12 
8 
668—949 3.9—6.5 1.7—0.3 731—1,045 10—14 
3 35 0.8 39 
9 
15 1 2 84 
9 38 0 58 
75—156 0 6—8 181—428 50 
145—439 133—306 8—34 354—981 9 


1,470—3,836 


Calorific 
Value 
(GJ/ 
Tonne) 


16.9 
18.4 
18.1—18.6 
12.4—16.3 
12.4—16.8 


17.4 
95—179 
17.4 
16.5 


12.6—16.3 32—47 


17.4 
15.9 
13.9 
16.3 


15.8—18.1 


18.6 
15.9 


Cellulose Hemicellulose Lignin Ash 


44 


31—43 


65 


35—45 


21—43 


19—27 


20—30 


33 

8—13 4.3 
5-24 12 
18 2.4 
8—15 10.1 


Data compiled from several sources; where there is a large discrepancy between sources in the estimated values of production, a range is given in: [10] N. Sarkar, S.K. Ghosh, S. Bannerjee, K. Aikat, 
Bioethanol production from agricultural wastes: an overview, Renew. Energy, 37 (2012) 19—27; [11] A. Gupta, J.P. Verma, Sustainable bio-ethanol production from agro-residues: a review, Renew. 
Sustain. Energy Rev. 41 (2015) 550—567; [12] M. Ahiduzzaman, A.A. Islam, Z. Yaakob, J.A. Ghani, N. Anuar, Agricultural residues from crop harvesting and processing: a renewable source of 

bio-energy, in: Biomass and Bioenergy, Springer, 2014, pp. 323—337; [13] L. Wang, Sustainable Bioenergy Production, CRC Press, Boca Raton, FL, 2014. 
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straw as a low-grade fuel for domestic use, 
and, increasingly, the use of residue for elec- 
tricity generation on a larger scale [14]. 
Residue is also seen as a key future source of 
bulk chemicals and materials, where there is 
little alternative in the displacement of fossil 
resources [15]. 


2.1.2.2 Food Waste 


Nearly 4 billion tonnes of food is produced 
globally each year. However, almost 1.2—2 bil- 
lion tonnes of this is wasted before human 
consumption [16]. Food wastage falls into two 
rough categories. The first includes poor trans- 
portation, harvesting, and storage practices. 
This is the predominant mechanism of wastage 
observed in the developing world. The second 
category applies to the developed world, 
where food disposed by supermarkets due to 
arbitrary sell-by dates, exacting aesthetic stan- 
dards, and general waste by the consumer, are 
the main routes of wastage [16]. Food disposed 
of by the latter mechanisms is commonly 
termed urban food waste (UFW), is collectable, 
and could be directed towards biofuel produc- 
tion [17]. There are currently an estimated 600 
million tonnes of UFW produced annually 
(Fig. 2.1) [18]. 

Food waste is an extremely heterogeneous 
feedstock, and the variability depends on the 
time of year, the locality, and the source. 
However, food waste has already been heavily 
processed, does not contain lignin, and con- 
tains high levels of fermentable material. As 
such, food waste is relatively easier to convert 
than most other lignocellulosic materials. 
Numerous reports have demonstrated the suit- 
ability of food waste as a feedstock for fermen- 
tations and further chemical transformation 
[19,20]. A number of key issues remain, how- 
ever. While food waste is extremely prevalent, 
there are huge infrastructure issues with col- 
lecting and sorting the waste for use. This car- 
ries a large energetic penalty. Currently, the 
major use of food waste is for electricity 


Total UFW is approx. 600 million tonnes 


Africa 
10% 


Europe 
16% 






Asia 
51% 


Americas 
23% 


FIGURE 2.1 Urban food waste produced as percentage 
of continent. Source: Data adapted from C.S.K. Lin, L.A. 
Pfaltzgraff, L. Herrero-Davila, E.B. Mubofu, S. Abderrahim, 
J.H. Clark, et al., Food waste as a valuable resource for the pro- 
duction of chemicals, materials and fuels, Curr. Situat. Global 
Perspect. Energy Environ. Sci. 6 (2013) 426—464; B.K. 
Adhikari, S. Barrington, J. Martinez, Predicted growth of world 
urban food waste and methane production, Waste Manag. Res. 
24 (2006) 421—433. 


production through anaerobic digestion. If 
food waste served as a feedstock for aviation 
biofuels, then it would compete with this mar- 
ket as well as alternative liquid fuels. 


2.1.2.3 Dedicated Energy Crops 


Beyond wastes and residues, a number of 
plants can be cultivated specifically to use 
their lignocellulose for fuel production. A high 
lignin and cellulose content is desirable due to 
a higher heating value, though lignin can be 
more difficult to process depending on the 
method used. Plants with high lignin contents 
can stand upright at low water contents, there- 
fore, their biomass has a lower water content 
and dries more efficiently on the stem [21]. 

Common energy crops include perennial 
grasses such as Miscanthus or switchgrass, 
and short rotation forestry crops such as wil- 
low or poplar [9]. Key characteristics of these 
crops are their low fertilizer-input require- 
ments, low energy cultivation, and ability to 
grow on marginal land (Table 2.4). 
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TABLE 2.4 Energy Crops and Their Vital Statistics 
[9,21—24] 


Productivity 
(Tonne/ha per Suitable Geographic 

Energy Crop Year) Location 
Miscanthus 5—43 Temperate 
(Miscanthus sp.) 
Switchgrass 5=35 Temperate 
(Panicum 
virgatum) 
Elephant grass 22—31 Temperate, 
(Pennisetum subtropical, tropical 
purpureum) 
Canary grass 2—10 Temperate 
(Phalaris 
arundinacea) 
Giant reed 10—30 Temperate, 
(Arundo donax) subtropical, tropical 
Energy cane 33—400 Similar to sugarcane 
(saccharum sp.) 
Eucalyptus 10—21 Temperate, 

subtropical, tropical 
Willow 9-11 Temperate 
Poplar 2—34 Temperate 
Alfafa 1—17 Temperate 
Sorghum fibre 16—43 Warm climates 


worldwide 


2.1.3 Triglyceride Oils 


An alternative to lignocellulose are triglycer- 
ide oils, commonly used in the production of 
biodiesel, or more recently, hydrocarbons 
through a hydrodeoxygenation reaction. 
Global production of edible oils was roughly 
160 million tonnes worldwide, with approxi- 
mately 26 million tonnes of this feedstock 
being used for biodiesel and hydrotreated fuel 
production [1,25] (Fig. 2.2). 

The most common oil crops for biodiesel 
are rapeseed in the EU, soybean in the United 
States and Latin America, and palm and 


coconut in tropical Asian countries (such as 
Malaysia and Indonesia). Each oil type has a 
different blend of fatty acids, which gives the 
oils different properties. Typically, palm oil 
contains more saturated esters, rapeseed oil is 
mainly monounsaturated, and soybean oils are 
predominantly polyunsaturated. Almost all 
terrestrial oils have carbon chain lengths of 16 
and 18 carbons, though coconut oil is mainly 
made up of smaller chain esters (Cg—16) [26]. 

Similar to biofuel production from first- 
generation sugar feedstocks, the use of 
vegetable oil is widely seen as unsustainable, 
competes with food, and has questionable 
environmental benefits [27]. In addition, it has 
been demonstrated that biofuel expansion 
could raise the price of oil crops from 9—27% 
by 2020 [9]. Other impacting factors include 
the intensive use of fertilizers and other chemi- 
cals, vast deforestation, and a reduction in 
water and soil quality, especially with refer- 
ence to palm oil plantations in Southeast Asia 
[28]. Due to these effects and the overall 
demand necessary to provide fuel and food, a 
range of alternative second-generation feed- 
stocks have been investigated (Table 2.5). 

One of the most promising sources of alter- 
native oils are second-generation sources that 
can be grown on degraded or marginal land, 
and therefore have the potential to be non 
competitive with food. The leading plant cur- 
rently under cultivation is Jatropha (typically 
Jatropha curcas). Jatropha is a shrub that con- 
tains seeds with high oil content and is 
drought resistant. It is predominantly grown 
in India, though cultivation in Africa and other 
similar climates has proven successful [33]. 
Approximately 13 million hectares of Jatropha 
have now been planted almost exclusively for 
biodiesel production. Similar plants are also 
being grown on a trial basis, including 
Karanja, castor, camelina, and linseed [9]. 

Because a large proportion of cooking oils 
are not directly consumed, they can be col- 
lected after use and repurposed for fuel 
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TABLE 2.5 Predominant Biofuel- Producing Crops 


Crop Biomass Yield (Tonne/ha) 
FIRST GENERATION 

Corn 

Cotton 


Soybean 2.8 


Sunflower 

Rapeseed Sul 
Coconut 

Palm oil 18.4 
SECOND GENERATION 
Jatropha Up to 20 (seed yield) 


Camelina Up to 2.3 (seed yield) 


Oil Productivity 


Seed Oil Content (L/ha per a) 
168—187 
14—20% 327—421 
21% 374—514 
32—49% 702—982 
35% 1029—1216 
2338—2806 
40% 3742—6080 
50—60% 1310—1871 
20% 561—608 
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Soybean 


FIGURE 2.2 Global production of 
edible oils in 2013. Source: Reproduced 
from C.S.K. Lin, L.A. Pfaltzgraff, L. 
Herrero-Davila, E.B. Mubofu, S. 
Abderrahim, J.H. Clark, et al., Food 
waste as a valuable resource for the pro- 
duction of chemicals, materials and fuels, 
Curr. Situat. Global Perspect. Energy 
Environ. Sci. 6 (2013) 426—464. 


Source 


United States, China, 
Brazil India, Europe 


Dry tropics and 
subtropics 


United States, China, 
South America 


Temperate regions 
Worldwide 
Tropical 


Southeast Asia 


Tropical and subtropical 


Colder temperate 
climates 


(Continued) 
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TABLE 2.5 (Continued) 

Crop Biomass Yield (Tonne/ha) Seed Oil Content 
Karanja 6 (seed yield) 30—40% 
(Pongamia) 


Waste coffee — 
coffee grounds 


Waste = = 
cooking oil 


Animal fats — = 


Up to 20% of waste 


Oil Productivity 


(L/ha per a) Source 

1800—3600 South east Asia 
including India 

8 m tonnes of waste coffee © Worldwide 

grounds worldwide 

25 m tonnes worldwide Worldwide 

Estimated 5 m tonnes Worldwide 


collected 


Aadapted from [9] D.P. Ho, H.H. Ngo, W. Guo, A mini review on renewable sources for biofuel, Bioresour. Technol. 169 (2014) 742—749; [26] S.K. 
Hoekman, A. Broch, C. Robbins, E. Ceniceros, M. Natarajan, Review of biodiesel composition, properties, and specifications, Renew. Sustain. Energy 
Rev. 16 (2012) 143—169; [29] R.W. Jenkins, N.E. Stageman, C.M. Fortune, C.J. Chuck, Effect of the type of bean, processing, and geographical location 
on the biodiesel produced from waste coffee grounds, Energy Fuels, 28 (2014) 1166—1174; [30] M.Y. Koh, T.I.M. Ghazi, A review of biodiesel 
production from Jatropha curcas L. oil, Renew. Sustain. Energy Rev. 15 (2011) 2240—2251; [31] A. Kumar, S. Sharma, An evaluation of 
multipurpose oil seed crop for industrial uses (Jatropha curcas L.): a review, Ind. Crops Prod., 28 (2008) 1—10; [32] M. Berti, R. Wilckens, S. Fischer, 
A. Solis, B. Johnson, Seeding date influence on camelina seed yield, yield components, and oil content in chile, Ind. Crops Prod. 34 (2011) 1358—1365. 


production. It has been estimated that approxi- 
mately 25 million tonnes of waste cooking oil 
(WCO) could be collected worldwide [34]. 
However, due to the frying process, WCOs are 
not as stable as virgin oils. Also, they contain 
significantly elevated levels of free fatty acids, 
water, and other solid impurities. This can 
have significant effects on the conversion tech- 
nology, and as such, WCOs tend to need sig- 
nificant pretreatment [35]. Other waste oil 
products are available. For example, the ani- 
mal processing industries produce large 
amounts of animal fats or tallow, and some 
food wastes, such as coffee grounds, contain 
high levels of triglyceride (Table 2.5). 


2.1.3.1 Oleaginous Yeasts 


While second-generation crops can be grown 
on marginal land, to produce oil economically 
they tend to need fertile, arable land, and require 
similar fertilizer inputs to the first-generation 
crops. Waste oils, including from coffee, cooking 
oil, and animal fats, only make a small fraction of 
the demand for biodiesel and advanced biofuels. 
One possible solution has been to cultivate 


oleaginous yeasts on lignocellulosic residues. 
A number of studies have demonstrated the suit- 
ability of these yeast oils for hydrocarbon pro- 
duction [36,37]. Yeast oils offer many advantages 
over alternatives, including a shorter life cycle, a 
far higher oil yield, and a production process that 
is less affected by location, season, and climate 
change [38]. Unlike algae, yeast do not require 
light, have shorter doubling times, and reach 
much higher cell densities (10—100 g/L in 3—7 
days). The oil accumulation can reach 80% of the 
cell by weight, and they also produce a wide 
range of fermentation products in addition to oils 
which could be sold as co-products. Over 
1600 yeast species are known, but only 40 are 
known to be oleaginous. Predominantly, these 
yeasts belong to ascomycete genera Candida, 
Cyberlindnera, Geotrichum, Kodamaea, Lipomyces, 
Magnusiomyces, Metschnikowia, Trigonopsis, 
Wickerhamomyces, and Yarrowia, and to basidio- 
mycete genera Cryptococcus, Guehomyces, 
Leucosporidiella, _Pseudozyma, Rhodosporidium, 
Rhodotorula, and Trichosporon [39]. 

Most yeast oils have a fatty acid composi- 
tion equivalent to rapeseed oil, with elevated 
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levels of oleic acid, linoleic acid, and palmitic 
acid. While the percentage of lipid accumula- 
tion within the single cell is of importance, the 
lipid coefficient (defined as the gram of lipid 
produced per gram of sugar consumed) is the 
key parameter for biofuel production. The the- 
oretical maximums for the lipid yields are 0.32 
and 0.34 g/g from glucose and xylose, respec- 
tively. However, due to other cellular pro- 
cesses requiring glucose, even under ideal 
conditions for lipid production, the lipid yield 
on glucose is rarely more than 0.22 g/g [40]. 
While there has been little economic analysis 
undertaken on the production of biofuels from 
single cell oils (SCOs), the production costs will 
derive largely from the cost of the initial feed- 
stock, though the extraction, conversion, and 
fermentation will also carry significant costs. 
Recent assessments have placed the cost of 
yeast oils between $1200—3000 tonne’ ' [40,41]. 


2.1.4 Algae 


Algae represent a sustainable source of bio- 
mass that can be cultivated in aquatic environ- 
ments without exerting undue pressure on 
agricultural land usage. Indeed, marine, fresh- 
water, brackish, and industrial waste streams 
have all been debated as suitable media for the 
mass cultivation of algae for fuel production. 
Initially, the majority of research into algal- 
derived biofuels focused on the production, 
and subsequent extraction, of lipids directly 
from the algae (as drop-in biodiesel replace- 
ments), followed by fermentation of the 
remaining sugars to ethanol or butanol. Such 
fuels are suited primarily to microalgae, which 
offer rapid growth rates, metabolic and physi- 
ological versatility, and high lipid content. 
More recently, attention has been given to 
algal-derived biofuels, which rely on the direct 
thermal processing and/or fermentation of 
algal biomass (microalgae or macroalgae) into 
aviation biofuels. 


2.1.4.1 Oleaginous Microalgae and Third- 
Generation Biofuels 


Land-based crops have a much lower lipid 
yield per unit area than could potentially be 
achieved by algae. For example, some species 
of microalgae can accumulate over 60% lipid 
by dry weight. This equates to nearly 
90,000 L/haa in comparison to rapeseed 
(1200 L/haa) and soybean (450 L/ha a), if a 
standard freshwater alga containing 30 wt% 
lipid was to be cultivated. 

The microalga Botryococcus braunii has 
received particular attention as a biofuel produc- 
tion platform as it is one of the few organisms 
known to have contributed directly to existing 
oil shale deposits [42]. It exists in three races, 
with each exhibiting distinct hydrocarbon pro- 
files: Race A, with C21-33 odd-numbered alka- 
dienes and alkatrienes (around 60% of dry 
mass); Race B, with Cso_37 triterpenoid and 
C3134 methylated squalenes (up to 65% dry cell 
mass); and Race L, with C4 lycopadiene (up to 
8% dry cell mass). Botryococcus braunii accumu- 
lates lipids internally, and crucially, externally 
in a extracellular matrix, which raises the poten- 
tial of continual harvesting by milking. 
Unfortunately, despite its obvious impact over 
geological timescales, growth rates (it typically 
doubles over three days) are too poor to warrant 
a serious industrial deployment. For this reason, 
microalgae exhibiting high growth rates with 
acceptable membrane lipid contents have been 
favoured for biofuel production. The lipid pro- 
file from microalgae is generally far more vari- 
able than terrestrial or yeast-derived oils, and is 
dependent not only on the species of microalgae, 
but also on the culture conditions. For example, 
some strains of Chlorella vulgaris can produce Ce 
chains, while long chains of up to C4 are 
observed in the halophyte Isochrysis galbana. 
Highly unsaturated esters are also common 
among microalgae, especially marine species. 
For example, strains of Chlorella salina produce 
C9 esters with up to six double bonds [43]. 
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While attaining biomass can be achieved 
with some strains in a few days, the lipid accu- 
mulation generally takes up to 14—21 days, 
and is often associated with nutrient (nitrate, 
in particular) starvation. 

Currently there are no major commercial 
algal lipid fuel producers, however, there are 
numerous estimations on the cost of produc- 
tion which have been published over the last 
few decades. Varying estimates on size, vari- 
able cost of nutrients, the algal species used, 
and technologies used for the growth, extrac- 
tion, and conversion of the lipids have led to 
wildly different estimates on the predicted cost 
of the fuels. Riberio and de Silva surveyed the 
techno-economic indicators of microalgae bio- 
fuel technologies, comparing and contrasting 
the differing production methods [44]. These 
different estimates have given a large range 
of lipid costs, varying between $0.43 per litre, 
assuming an oil content of 50 wt%, oil yield of 
30 ¢/m*d, and culturing of the algae in an 
open raceway pond bioreactor. The cost of 
generating the algal oil was subsidized by 
the use of co-products from the same pond, 
akin to the refinery approach taken by the 
existing oil industry. The highest cost given 
was $24.60 per litre of algal oil in which the 
economics of a range of oil by weight (15, 25, 
and 50%), and different production methods 
(open bioreactor, photobioreactor, and fermen- 
ter), were examined. 

A recent techno-economic analysis of auto- 
trophic microalgae for hydrotreated fuel 
hydroprocessed esters and fatty acids (HEFA) 
production estimated the cost of the algal lipid 
to be $1.87 L`! for microalgae grown in open 
ponds, and $3.98L”' for that grown in a 
photobioreactor. The total cost of the HEFA 
was then estimated to be $2.16 L`! for open- 
pond production and $4.52L™' for algae 
grown in a photobioreactor [45]. Though this 
is considerably more than deemed competi- 
tive, it demonstrates that the major cost for 
algal lipid is not in the chemical processing, 


but in the culturing and harvesting of the ole- 
aginous algae. 

In a meta-analysis of life cycle assessment 
(LCA) data from 30 investigations, Sills et al. 
demonstrated that the drying, dewatering, 
extraction, and conversion could account for 
up to double the energy produced from the 
lipid and biomass [46]. While a large research 
effort is underway to produce a sustainable 
algal lipid, it is unclear what breakthrough 
technology could reduce the costs sufficiently 
to produce a suitable feedstock for aviation 
fuel production. 


2.1.4.2 Non-oleaginous Species 
for Thermochemical Upgrading 


In order to reduce upstream and down- 
stream processing costs, the concept of directly 
converting algal biomass through thermo- 
chemical methods has recently been suggested 
as a highly credible route for generating trans- 
port fuels. Under these conditions, oil is 
formed not only from the lipid fraction, but 
from the entire biomass, including the protein 
and carbohydrate fractions. This would allow 
the use of non lipid-producing algae with 
much faster growth rates, and would reduce 
the high costs of drying and lipid extraction. 
In addition, thermochemical conversion has 
many advantages: the nature of the algal bio- 
mass can be either micro- or macroalgal (eg, 
seaweed, see below), the impact of seasonal 
and global variations in productivity can be 
masked by the growth of multiple strains, and 
of course, there is the obvious reduction in 
processing expenditure. Large-scale microalgae 
growth for low-value products is typically 
undertaken in raceway ponds that are often 
prone to contamination by other microalgae 
and microbes. The impact on yield of such 
contamination is also reduced when the entire 
biomass is processed en bloc. It has been sug- 
gested that land-based open ponds located in 
desert areas harbour the potential for 90 exa- 
joules (EJ) of production annually. 
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2.1.5 Seaweed 


An alternative to microalgae is seaweed 
(macroalgae), which could provide a suitable 
source of biomass for further conversion to 
bioaviation fuels. While currently only approx- 
imately 16 million tonnes of seaweed biomass 
is cultivated each year globally, the potential is 
huge. Seaweed has a number of advantages 
over terrestrially cultured crops or algae. For 
example, macroalgae do not need a source of 
freshwater or fertilizers to grow, and they can 
form the basis of a stable ecosystem if grown 
responsibly [47]. Macroalgae have a higher 
solar efficiency (up to 8%), at least four 
times higher than any terrestrial crops [48]. 
Accordingly, seaweed can grow densely with 
between 1.5 and 131 tonnes dry weight per 
hectare observed. Macroalgae do not require 
land that can compete with food, and if culti- 
vated correctly, can provide a diverse marine 
ecosystem. Macroalgae also inhabit every 
marine ecosystem on the planet, and could 
therefore be a significant part of any country’s 
fuel production process. Estimates vary on the 
potential of macroalgae as a source of biomass 
due to technical restrictions associated with 
mass cultivation. Conservative estimates sug- 
gest offshore farms could produce 110 EJ, 
coastal farms 35 EJ, and open sea colonies 
harbour the potential for a staggering 6000 EJ 
of production, though the logistics of produc- 
ing this much biomass remain unclear. 

Challenges remain however. For example, 
the carbohydrate content is reasonably low, 
and the ash content, in comparison with 
microalgae, tends to be significant. This means 
that conversion through thermal processing 
[49] or fermentation is not particularly efficient 
[50]. The carbohydrate component also varies 
depending on the species of macroalgae. The 
composition varies substantially across species, 
however, seaweed can be loosely grouped into 
the three main classes: red, green, and brown 
(Table 2.6). 


TABLE 2.6 Composition of a Variety of Species of 
Macroalgae 


Algal Class Type Green Red Brown 
Example species Ulva Gelidium Laminaria 
lactuca amansi1 japonica 
Ulva Sargassum 
pertusa fulvellum 
Carbohydrate 25—65% 30—85% 40—60% 
content 
Carbohydrate Starch Floredian Laminarin 
types starch 
Cellulose Galactans Mannitol 
Agar Alginate 
Carrageenan Fucoidan 
Cellulose Cellulose 
Lipid (%) <6 <1.1 <2 
Protein (%) 7—20 8—14 12—19 
Ash (%) 18—25 3—9 Up to 46% 
Sugars released on Up to Up to57% Up to 37% 
hydrolysis 60% 
Main sugar Glucose Glucose Glucose 
composition 
Galactose Mannitol 


Data adapted from [48] K.A. Jung, S.-R. Lim, Y. Kim, J.M. Park, 
Potentials of macroalgae as feedstocks for biorefinery, Bioresour. Technol. 
135 (2013) 182—190; [50] N. Wei, J. Quarterman, Y.-S. Jin, Marine 
macroalgae: an untapped resource for producing fuels and chemicals, 
Trends. Biotechnol. 31 (2013) 70—77. 


Aquatic biomass derived from both microal- 
gae and macroalgae, has the potential to 
deliver appropriate levels of biomass as an 
energy resource, equivalent to, if not exceed- 
ing, the amount produced by terrestrial biore- 
sources. Clearly, the potential exists for them 
to make a significant contribution to future 
fuel production, though the logistical aspects 
require heavy investment to produce economic 
fuels. 
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2.2 CHALLENGES AND 
OPPORTUNITIES 


Predicting the future feedstock landscape is 
exceptionally difficult, partly due to a range of 
challenges, unpredictable changes in climate, 
and future technologies that are still being 
developed and researched. In this section, fac- 
tors that could have a large impact on the 
development of aviation biofuels will be 
briefly discussed. 


2.2.1 Genetic Engineering 


Genetic engineering, especially of plant or 
algal feedstock, increases the potential produc- 
tion of the feedstock while offering reduced 
costs of harvesting and processing into fuel. 
The engineering of most food crop species is 
well established, and many of the feedstocks 
described previously, including cereals, 
grasses, and woody energy crops, have been 
transformed [7]. The two most common 
approaches are that of gene-gun-mediated 
transfer and use of Agrobacterium tumefaciens as 
a vector [51]. 

A key challenge is that among the thou- 
sands of species and cultivars, only a handful 
of strains are suitable for transformation [7]. 
Coupled with this, the development of 
suitable strains is handicapped by the lack of a 
ready market for the products while the con- 
version technology lags behind. 

Some of the key advancements and devel- 
opments have been in increasing the yield of 
feedstock per hectare [52] and genetically engi- 
neering plant cell walls to increase production 
of polysaccharides [53]. Production costs could 
be reduced by engineering the plants to pro- 
duce certain cellulases and hemicellulases [7], 
while pretreatment costs could be reduced by 
reduction, or modification of, the lignin 
content [54]. There are also an increasing num- 
ber of examples demonstrating increased oil 


production in first- and second-generation oil- 
seed crops [55]. Microbial transformations 
have demonstrated increased yields of fuels 
from organisms capable of converting all sugar 
platforms (not just glucose) [56], while micro- 
algae have been transformed to increase 
growth rates, cell density, and target molecules 
such as lipids [57]. Finally, key research has 
also been undertaken in combating climate 
change by improving abiotic stress tolerance, 
such as engineering drought resistance into 
plants [58]. 

Standard breeding strategies are also impor- 
tant, and are readily used for the improvement 
of feedstock species. Food crops have been 
improved in this manner for centuries, and 
novel energy crops, such as the woody energy 
crops and grasses, are essentially wild strains 
that are yet-to-be improved. While this process 
will take many years, selective plant breeding 
has already produced energy crops, such as 
energy cane, that are far higher yielding than 
the original cultivars [59]. 

At this point it is impossible to predict how 
selective breeding and genetic engineering will 
change the yields of the feedstocks. However, 
it seems likely that predictions based on cur- 
rent yields, even at their most optimistic, will 
prove to be achievable with the advancement 
of this area. 


2.2.2 Biodiversity 


A major criticism of a global biofuel indus- 
try is the disruption to pristine ecosystems and 
a corresponding reduction in biodiversity. 
There are significant differences in the impact 
of biofuel crops on the diversity of wildlife, 
some of which is due to a different emphasis 
on land use and land management [60]. 
There are many levels where the diversity of 
fauna can be inversely impacted. Genetically, 
for example, modified or aggressive genotypes 
used in non-native ecosystems can contaminate 


I. AN OVERVIEW OF THE SECTOR 


2.2 CHALLENGES AND OPPORTUNITIES 29 


existing gene pools. At the species level, dis- 
placement of native species, habitat fragmenta- 
tion, and even extinction, can occur when 
cultivating one species over all others. This is as 
much the case for large wildlife — destruction 
of Orangutan rainforest habitats, for example — 
as for the trees in the forest itself. On a larger 
scale, a landscape completely dominated by 
one type of biofuel plantation could lead to a 
simplified community and food chain system 
that reduces the resilience of an area to natural 
disaster and variation. 

However, not all biofuel crops are the same 
in this regard, and negative impacts often 
assume the use of a pristine environment for 
bioenergy production rather than the use of 
co-products, existing managed forests, or farm- 
land. While palm oil plantations have been 
demonstrated to lead to these negative effects 
on the local area, perennial biofuel feedstocks 
can improve soil quality, increase biodiversity, 
and form a suitable habitat for a range of spe- 
cies [61]. 

It seems clear, however, that while some 
biofuels can lead to an increase in biodiversity, 
in order to maintain an actual wealth of fauna 
and habitats, careful planning and regulation 
of biofuels, as well as any other agricultural 
crop, are required. At the least, this will impact 
estimates on available biomass, as well as add 
to the definition of what a truly ‘sustainable’ 
biofuel is. Such measures are beginning to be 
more closely monitored and regulated through 
mechanisms like the Renewable Energy 
Directive, for example [62]. 


2.2.3 Land Use Change Leading to 


Elevated Carbon Emissions 


A further challenge with the use of biofuels 
is the conversion of land for their growth, as 
well as the perceived conversion of land for 
their growth. These are commonly described 
as either direct or indirect land use changes 


(LUC or ILUC). Estimates of the GHG impact 
of ILUC in particular can vary widely [63—65], 
and this has a significant impact on assignable 
carbon emissions. In extreme cases, the esti- 
mated or reported carbon footprint may span 
from below that of fossil fuel to over a hun- 
dred times worse. For example, Fargione et al. 
demonstrated that converting land such as 
rainforest or peatlands can incur a significant 
carbon debt, releasing up to 420 times more 
CO>-equivalent emissions than the annual 
reduction achieved by the biomass cultured on 
that land. Estimates are particularly sensitive 
to the starting state of the land converted (the 
base line), leading to the conclusion that these 
debts are not incurred by biomass grown in 
aqueous environments, waste biomass (such as 
agricultural residue), or biofuel feedstocks 
grown on abandoned lands planted with 
perennial crops [66,67]. 

The ranges calculated for ILUC reflect the 
complexity of the system as well as the maturity 
of the method [63]. As the models have 
improved, the calculated GHG associated with 
biofuel has decreased. For example, US corn eth- 
anol value in 2008 was reported to be 104 g/MJ 
COszeq, but was 15 g/MJ COpzeq in 2012 [68]. 


2.2.4 Logistical Considerations 


Key factors in the development of an eco- 
nomic biofuel are the logistical considerations 
of where the biomass is grown and how it is 
collected and processed. On processing, the 
fuel must be delivered either to a refinery for 
blending, or directly to the point-of-use. The 
expense of moving wet biomass long distances 
can add up to a significant amount of the final 
cost of the fuel, and this must be taken into 
account when selecting a suitable feedstock for 
biofuel production. The logistical considera- 
tions are heavily reliant on the locality; further 
examples are given in the final two chapters of 
this book. 


I. AN OVERVIEW OF THE SECTOR 


30 
2.2.5 Effect of Climate Change and 


Yield Improvement on Feedstock 
Availability 


One key uncertainty in the future produc- 
tion of biofuels is the effect that the changing 
climate will have on land areas required for 
biofuel feedstock production. While overall 
increases in temperature, and increases in the 
extremes, will have a detrimental effect on the 
cultivation of biofeedstocks, a positive climate 
change effect may be expected in regions cur- 
rently constrained by low temperatures. 
Haberl et al. ran several scenarios of climate 
change impact on yield; few gave decrease in 
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crop yields if the assumption was made that 
CO, fertilization would occur as a result of 
higher atmospheric CO, concentrations [69]. 

Another impact on feedstock availability will 
be the potential for global yield improvement. 
If the United States is taken as an example, corn 
yield has increased from under 2 t/ha to almost 
10 t/ha in 2006 [68,70]. Similar yield increases 
on a global scale could influence the availability 
of agricultural commodities. 

Currently, transportation fuels equate to 
approximately 100 EJ of energy per year, of 
which aviation kerosene is responsible for 
10—12 EJ. In almost all low-carbon energy 
scenarios, a significant contribution from 
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FIGURE 2.3 Low and high estimates for the level of biomass available for bioenergy in 2050 taken from references 
[71—78]; the final five scenarios are taken directly from reference [61]. 


I. AN OVERVIEW OF THE SECTOR 


REFERENCES 31 


bioenergy sourced from sustainable feedstocks 
is required [61]. A number of predications for 
bioenergy use as far forward as 2050 have 
been published, though understandably, due 
to differences in source data, assumptions on 
climate change, technology development, and 
policy interventions, the predictions vary sub- 
stantially (Fig. 2.3). 

If some of the more optimistic scenarios are 
accurate, then there is plenty of opportunity for 
biomass to be used as a primary energy source, 
for electricity as well as for liquid transport 
fuels. However, one of the lower estimates is 
given by Searle et al., who examined all the sce- 
narios presented and found that most predic- 
tions had not properly considered the 
economics of feedstock production, actual land 
availability, and relevant biomass yields, and 
few studies used standard sustainability criteria 
to develop their models [71]. In this study the 
authors estimated that the maximum bioenergy 
available would be on the order of 60—120 EJ, 
with only 10—20 EJ being available for biofuels. 

This study can obviously not predict 
whether a paradigmatic shift due to genetic 
engineering or the development of third- 
generation, non land-based biomass will alter 
the biofuel market. However, taking this value 
as an accurate depiction of 2050, there is sim- 
ply not enough bioenergy feedstock to displace 
all transportation fuels, though solely displa- 
cing aviation kerosene, even with growth in 
the aviation sector, is theoretically possible. 
The extent to which feedstocks will be avail- 
able for aviation will be heavily dependent on 
the development of alternative technologies for 
road transport, such as electric vehicles, and 
the regulatory framework in place at the time. 


2.3 SUMMARY 


In the following chapters, conversion tech- 
nologies will be presented that demonstrate 
the range of technologies available to produce 


drop-in biofuels for aviation. While the proper- 
ties of the fuel itself are key to the eventual 
replacement of fossil resources in this area, it 
is more likely that the availability and logisti- 
cal considerations around the feedstock will be 
the key factors in what fuels are produced and 
where they are situated. While a large invest- 
ment must still be made in research develop- 
ment and infrastructure to make aviation 
biofuels a reality, there is probably sufficient 
feedstock to produce aviation biofuels if the 
demand for road transport biofuels is reduced 
by significant technological advancements in 
electric and battery technology. It is also clear 
that no one feedstock will supply the entire 
aviation sector, and a range of technologies to 
develop aviation biofuels from lipids, lignocel- 
lulose, and marine resources will need to be 
developed co-currently to create aviation 
biofuels. 
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3.1 INTRODUCTION TO 
RELEVANT STANDARDS 


All currently certified passenger and cargo- 
carrying aircraft fitted with gas turbine power 
plants, including turboprops and turbofans, 
are fuelled by Aviation Turbine Fuel (ATF) 
that is supplied through an internationally 
agreed-upon process complying with exacting 
standards [1]. In the civil sector, common 
grades of ATF include: 


1. Jet A-1 and Jet A (in the US) complying 
with ASTM D1655 [2]. 

2. Jet A-1 complying with a UK Defence 
Standard (DEF STAN 91-91). 

3. TS-1 (in Russia) complying with GOST 
10227. 

4. Jet Fuel No. 3 (in China) complying with 
GB6537. 


For international civil airline operations, Jet 
A-1 is the most commonly available ATF across 
the world. Therefore, the following discussion 
focuses on this grade. 


Biofuels for Aviation. 
DOI: http://dx.doi.org/10.1016/B978-0-12-804568-8.00003-2 


At the time of writing, the specification of 
Jet A-1 is defined by ASTM D1655 version 
15d [2], which calls up 64 other ASTM stan- 
dards, mainly test methods designed to dem- 
onstrate compliance. At its simplest, D1655 
specifies a hydrocarbon mixture refined from 
petroleum, oil sand, or shale-derived feed- 
stock. As might be expected, the require- 
ments invoked by D1655 reflect the historic 
legacy of petroleum refinery capability as 
well as the needs of the aviation sector. Some 
of the main property requirements of a fuel 
complying with D1655 are presented in 
Table 3.1. The justification of these will be 
discussed in the next section. 

ASTM D7566 [3] was first issued in 2009 in 
order to provide supply control of Synthesized 
Paraffinic Kerosene (SPK) derived from coal/ 
natural gas through the Fischer—Tropsch 
(F—T) process [4]. This was followed in 2011 
with approval of an annex covering SPK 
from Hydroprocessed Esters and Fatty Acids 
(HEFA) produced from bio-feedstock. At 
the time of writing, D7566-15c [3] has four 
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annexes covering four alternative production 
routes: 


1. Annex Al: F—T Hydroprocessed SPK. 

2. Annex A2: SPK from HEFA. 

3. Annex A3: Synthesized Iso-Paraffins (SIP) 
from Hydroprocessed Fermented Sugars’. 

4. Annex A4: Synthesized Kerosene with 
Aromatics (SPK/A) Derived by Alkylation 
of Light Aromatics from Non-Petroleum 
Sources. 


Other new annexes are currently in pre- 
paration, reflecting the gradual emergence of 
a diverse range of production routes from 
different feedstocks. In particular, an annex 
covering Alcohol-To-Jet (ATJ) in which the 
feedstock would be bio-ethanol or bio-butanol, 
is expected to be approved in 2016. 


3. CERTIFICATION AND PERFORMANCE: WHAT IS NEEDED FROM AN AVIATION FUEL? 


Each of the above production route specifica- 
tions defines a product ‘batch’ that currently 
must be blended with fuel compliant with 
D1655. The maximum permissible blend frac- 
tion of F—T SPK (Annex A1) HEFA-SPK 
(Annex A2), and SPK/A (Annex A4) is currently 
restricted to 50% by volume. SIP (Annex A3) is 
currently restricted to just 10% maximum blend 
fraction. 

The resulting Jet A-1 equivalent blends must 
adhere to the same property requirements 
listed in Table 3.1 and the additional require- 
ments listed in Table 3.2. Furthermore, each 
annex has separate detailed batch require- 
ments, Tables 3.3—3.5. Blends complying with 
these collective requirements are regarded 
within the aviation sector as ‘drop-in’ ATFs 
that may be employed ‘seamlessly’ without any 


TABLE 3.1 Some Jet A-1 Requirements Specified by ASTM D1655-15d 


Fuel Property Requirement 

Maximum aromatic content by volume 
Maximum total sulphur by mass 

Minimum flash point 

Density minimum—maximum range at 15°C 
Maximum freezing point 

Maximum viscosity at —20°C 

Minimum net heat of combustion 
Minimum smoke point 

Maximum naphthalene content by volume 
Thermal stability maximum filter pressure drop 
Maximum antioxidant additive 


Icing inhibitor additive range by volume 


Value ASTM Test Methods 

26.5% D6379 

0.3% D1266, D2622, D4294, D5453 
38°C D56, D93, D3828 


775—840 kg/ m? D1298, D4052 


—47°C D5972, D7153, D7154, D2386 
8.0 mm/s D445, D7042 

42.8 MJ/kg D4529, D3338, D4809 

18 mm D1322 

3.0% D1840 

25 mm Hg at 260°C D3421 

24 mg/L 

0.07—0.15% 


lIn ASTM D7566 version 15c, Annex A3 presumes the SIP is farnasane (2,6-trimethyldodecane, Cı5sH32), and 
invokes a requirement that the actual farnasane component exceed 97% by mass and that a by-product of the 
production process, hexahydrofarnesol (C15H32O), be restricted to less than 1.5% by mass. Future versions of this 
annex will presumably be extended to any other biosynthesis products produced via this general route. 
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TABLE 3.2 Some Additional Post-Blending Requirements Specified by ASTM D7566-15c 


Blend Property Requirement Value 
Minimum aromatic composition by volume 8.4% 
Maximum viscosity at —40°C 12.0 mm7/s 
Maximum wear in fuel lubricity test 0.85 mm 


ASTM Test Methods 
D6379 

D445 

D5001 


TABLE 3.3 Some Batch Requirements of ASTM D7566 Annexes Al and A2 for F—T and HEFA-SPK 


Batch Property Requirement Value 

Minimum flash point 38°C 

Density minimum—maximum range at 15°C 730—770 kg / m 
Maximum freezing point —40°C 

Thermal stability maximum filter pressure drop 25 mm Hg at 325°C 
Maximum cycloparaffin mass content 15% 

Maximum aromatic mass content 0.5% 


TABLE 3.4 Some Batch Requirements of ASTM D7566 Annex A3, SIP 


Batch Property Requirement Value 

Minimum flash point 100°C 

Density minimum—maximum range at 15°C 765—780 kg/m? 
Maximum freezing point —60°C 

Thermal stability maximum filter pressure drop 25 mm Hg at 355°C 
Maximum olefin mass content 300 mg (Br)/100 g 
Maximum aromatic mass content 0.5% 


TABLE 3.5 Some Batch Requirements of ASTM D7566 Annex A4, SPK/A 


Batch Property Requirement Value 

Minimum flash point 38°C 

Density minimum—maximum range at 15°C 755—800 kg / m? 
Maximum freezing point —40°C 

Thermal stability maximum filter pressure drop 25 mm Hg at 325°C 
Maximum cycloparaffin content 15% 

Maximum aromatic mass content 20% 
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D56, D3828 

D1298, D4052 

D5972, D7153, D7154, D2386 
D3421 

D2425 

D2425 


ASTM Test Methods 

D93, D3828 

D1298, D4052 

D5972, D7153, D7154, D2386 
D3421 

D2425 

D2425 


ASTM Test Methods 

D56, D3828 

D1298, D4052 

D5972, D7153, D7154, D2386 
D3421 

D2425 

D2425 
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necessary changes to aircraft systems, airport 
infrastructure, or supply methods. 

In principle, it would be possible for an orga- 
nization to develop an all-new ATF (or ATF 
additive) that is not considered to be drop-in, 
but is still considered ‘fit-for-purpose’ by com- 
plying with ASTM D4054 [5]. However, this 
would require comprehensive engine and air- 
craft certification trials as well as the need to 
introduce separate fuel supply and bunkering 
facilities at airports, all of which would be rela- 
tively costly. Consequently, the main industry 
focus in recent years has been restricted to 
drop-in solutions [4]. 

Despite considerable production advances 
since the introduction of D7566 in 2009, the 
principle difficulty to date has been the ability 
to identify and develop a sustainable, drop-in, 
ATF that is commercially competitive with 
petroleum-derived Jet A-1. Aside from the 
challenges of biosynthesis and sustainable pro- 
duction scale-up, the major issue is the need to 
produce a product that complies with the 
exacting requirements of D7566. It is therefore 
useful to first review the historical reasons 
for these requirements, and then after that to 
identify possible concessions and/or likely 
future amendments. 


3.2 DISCUSSION OF SOME 
DROP-IN FUEL PROPERTY 
REQUIREMENTS 


3.2.1 Heating Value and Density 


Perhaps the most important requirement 
of Jet A-1 and any equivalent D7566 ATF 
blend is the need to offer a minimum net 
heat of combustion (or so-called ‘lower heat- 
ing value’), Hy. The Breguet range equation [6] 
for a turbofan-powered aircraft demonstrates 
that for a given aircraft gross mass, mo, fuel 
mass burn, ny, propulsive efficiency, np, and 


lift-to-drag ratio, L/D, the range, R, is directly 
proportional to Hg 


(3.1) 





Mo 
R= MyH(L/D) In (= = z) 


D7566 currently invokes the D1655 require- 
ment that H; > 42.8 MJ/kg (Table 3.1), which 
effectively ensures that current aircraft designs 
can achieve a prescribed range with specified 
minimum fuel reserves. This non-negotiable 
requirement also restricts the feasible fuel 
candidates. The Mendeleyev formula [7] for 
net heat release (quoted in kcal/kg) is H;= 
81C + 300H-26(O-S), where C, H, O, and S are 
the percentages of carbon, hydrogen, oxygen, 
and sulphur, respectively. Therefore, to 
achieve the required D1655 heating value, the 
H/C mass ratio of a zero-oxygen-sulphur fuel 
must exceed ~0.14. Furthermore, no alcohol 
with less than 15 carbon atoms remains a feasi- 
ble candidate, even when blended 50% with a 
fuel with H; = 45 MJ/kg. 

Both D1655 and D7566 require that the 
blended fuel density lie between 775 and 
840 kg/m? (Table 3.1). However, the batch speci- 
fication for the pre-blended (non-petroleum) fuel 
components deviates from this slightly: Annex 
Al and Annex A2 permit 730—770 kg/m? for 
F—T SPK and HEFA-SPK; Annex A3 permits 
765—780 kg/m? for SIP; and Annex A4 permits 
755—800 kg/m”. Using Ragozin’s approximate 
density formula [7], this implies the hydrogen/ 
carbon ratio, H/C, must be somewhere in the 
range ~0.16—0.18. 

The requirement on maximum density is 
arguably not as stringent as that of the mini- 
mum density because aircraft fuel tanks do not 
have to be completely filled. Indeed, it is hard to 
find engineering reasons as to why an ATF with 
an excessively high density of (say) 850 kg/m? 
should be rejected. Conversely, it is obviously 
necessary to ensure the aircraft's maximum 
available fuel tank volume is not exceeded for a 
given fuel load. For some aircraft designs, fuel 
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tank capacity actually limits range instead of 
fuel mass upload capability. While there is no 
explicitly stated requirement on the fuel heating 
value per unit volume, clearly, combining the 
aforementioned requirements on H; and density, 
D7566 requires that it must exceed ~33 GJ/m’. 


3.2.2 Freezing Point and Fluidity 
at Low Temperatures 


The requirement for the maximum fuel 
freezing point of —47°C for Jet A-1, is a conse- 
quence of the fact that currently nearly all long- 
range passenger aircraft flights occur in the 
lower stratosphere. Aircraft tank cooling occurs 
progressively throughout such flights during 
ascent and cruise-climb because the ambient air 
temperature falls with altitude in the tropo- 
sphere approximately according to the standard 
lapse rate of 6.5 K/km. Since the duration of 
domestic flights within the US is typically less 
than ~8h, Jet A (a separate fuel grade stored 
in US airports in different bunkers than Jet A-1) 
is therefore permitted to have a relaxed freez- 
ing point requirement of —40°C. Like D1566, 
D7566 allows blended fuel to have either a 
nominal minimum freezing point of —47°C or 
—40°C, depending on whether the product is 
considered equivalent to Jet A-1 or Jet A, 
respectively. The pre-blend fuel batches of F—T 
SPK, HEFA-SPK, and SPK/A are only required 
to have a minimum freezing point of —40°C, 
but Annex A3 requires SIP to have a freezing 
point of —60°C. According to D7566, it is also 
worth noting that the freezing point specifica- 
tion of Jet A-1 and Jet A is actually open to 
agreement between supplier and purchaser. 

To further ensure fluidity in cold conditions, 
D1655 and D7655 require the fuel kinematic 


viscosity to be less than 8 mmĉ?/s at —20°C 
(Table 3.1). Since the Hagen—Poiseuille equa- 
tion implies that the pressure drop in any pipe 
is proportional to dynamic viscosity (and fuel 
density is constrained), this requirement effec- 
tively ensures the aircraft fuel pumping power 
requirements cannot be breached by a fuel that 
is too viscous. 


3.2.3 Combustion Cleanliness 


ATF is burned at near-stoichiometric condi- 
tions in the primary zone of a gas turbine com- 
bustor. This hot primary flow is then diluted 
with excess air in the secondary zone to reduce 
its temperature prior to entry into the turbine. 
This staged flow arrangement also reduces 
convective heat transfer to the combustor outer 
walls. In general, paraffins (alkanes) offer the 
most desirable combustion characteristics and 
are relatively clean burning. Curiously, cyclo- 
paraffins also offer relatively clean combus- 
tion, but for historical reasons their content is 
limited to less than 15% in all four Annexes’. 

Olefins (alkenes) also have good combustion 
characteristics, but the tendency of olefins (espe- 
cially dienes) to form gum deposits/residues 
[7—9] when fuel evaporates is of concern. 
According to D7566 the olefin content is usually 
restricted to 1% or less [3], although no actual 
upper limit is specified for Annexes A1, A2, and 
A4. The batch specification for SIP in Annex A3, 
however, limits olefin content through test 
D2710 that measures bromine reactivity. 

Both D1655 and D7566 stipulate that the 
aromatic content of ATF must not exceed 
26.5% by volume (Table 3.1). The driver for 
this requirement is that high aromatic-content 
fuels generally result in smoke formation and 


*The justification for this is as quoted in ASTM D7566-15c as follows: ‘Maximum cycloparaffin composition is 
based on current experience with the approved synthetic fuels and is within the range of what is typical for 


refined jet fuel’. 
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soot deposition. Naphthalenes or bicyclic aro- 
matics are especially conducive to producing 
more soot, which often results in high levels of 
undesired radiation heat transfer. Hence, the 
naphthalene content is restricted to less than 
3% [2,3]. Smoke formation is also controlled by 
a ‘Smoke Point’ test (ASTM D1322), which 
involves measuring the maximum height that 
a candle-like flame (supplied by fuel though a 
wick) remains smokeless. 

Combustion efficiency and soot formation 
are also influenced by fuel injection, which 
involves spray atomization of the ATF in the 
combustor. Again, the aforementioned con- 
straint on fuel viscosity partly ensures consis- 
tency of spray formation, although a lower 
limit on viscosity is not imposed. Curiously, 
there is no mention in D7566 of any constraint 
on liquid surface tension, which is the princi- 
ple property governing spray droplet size [9]. 


3.2.4 Fuel System Compatibility 


Unlike D1655, minimum aromatic content is 
constrained by D7566 to 8% after blending 
(Table 3.2). This minimum level is currently 
deemed necessary in order to ensure that the 
sealing properties of elastomers (in the form of 
numerous O-rings in a typical aircraft fuel sys- 
tem) are not compromised by different swelling 
properties [4]. To retain desired nitrile rubber 
volumetric swelling, aromatics such as Tetralin 
(1,2,3,4-tetrahydronaphthalene) may be added 
to aromatic depleted fuels (eg, [10,11]), although 
the deliberate use of such additives must also 
have the adverse effect of reducing the smoke 
point of the fuel. In this regard, it is also worth 
noting that Annexes Al and A3 of D7655 restrict 
the batch aromatic content of F—T SPK and 
SIP, respectively, to less than 0.5% prior to 
blending. In effect, therefore, the 50% blend 
limit implies that the actual minimum aromatic 
content of D1655-compliant fuel needs to be in 
excess of 16% to permit F—T SPK blending. 


Aircraft fuel systems rely on the fuel to 
lubricate their parts. Adequate ATF lubricity is 
assessed by a Ball-On-Cylinder Lubricity 
Evaluator (BOCLE) test, which involves mea- 
surement of wear caused by a sphere on a 
cylinder immersed in the fuel. ASTM D5001 
requires that the resulting wear scar be limited 
to a diameter of 0.85 mm (Table 3.2). Severe 
hydroprocessing tends to eliminate fuel compo- 
nents that improve lubricity. Additives that 
also inhibit corrosion (such as HiTec 580 or 
Nalco 5403) are employed to achieve or regain 
acceptable lubricity, although their polar nature 
can have adverse effects on fuel filtration 
and, consequently, they are only used in small 
quantities (eg, less than 15 ¢/m”) [3]. 


3.2.5 Thermal Stability, Flash Point, 


and Vapour Pressure 


From a combustion standpoint, high fuel 
volatility is desirable to ensure good fuel ignit- 
ability. However, from a safety viewpoint, the 
opposite qualities of low volatility and storage 
stability are required. It is also necessary to 
avoid fuel decomposition before it reaches the 
combustor in fuel feed lines that are heated by 
the power plant. Both D1655 and D7566 require 
ATF to remain thermally stable up to a specified 
control temperature of 260°C [2,3]. However, for 
the pre-blending batches, Annexes A1, A2, and 
A4 require thermal stability at a control temper- 
ature of 325°C, and Annex A3 calls for 355°C. 
Compliance is tested (in ASTM D3241) by pass- 
ing the fuel through a heated tube and filter and 
measuring the filter pressure drop caused by 
deposit formation. The maximum pressure drop 
imposed is 25mm Hg in all cases, after a 2.5 h 
test duration. 

Nearly all current aircraft fuel tanks allow 
air into the ullage, hence, any compliant ATF 
must have adequate oxidation stability. Anti- 
oxidant additives are employed to reduce the 
risk of oxidation, but added quantities are 
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constrained to lie between 17 mg/L (minimum) 
and 24mg/L (maximum) for each Annex of 
D7566. 

Ignition (or flashing) of fuel vapour occurs 
at certain pressure, temperature, and oxygen 
concentration conditions. The flash point, as 
determined by the ASTM D56 test (Table 3.1), 
is the lowest temperature at which a fuel 
vapour air mixture ignites at standard sea 
level pressure. Both D1655 and D7566 specify 
a minimum flash point of 38°C (Table 3.1), but 
both standards state that a higher flash point 
may be agreed upon between purchaser and 
supplier. In the case of SIP, D7566 Annex A3 
specifies a higher minimum flash point of 
100°C. On the other hand, D7566 also states 
that HEFA-SPK with a lower flash point may 
be blended with D1655-compliant fuel. 

Flash point is closely linked with vapour 
pressure. Fuels with vapour pressures less 
than that of decane (in the appropriate tem- 
perature range) are likely to comply with this 
requirement. 


3.2.6 Sulphur Content and Other 


Contaminants 


While sulphur compounds might improve 
fuel lubricity and increase heating value, 
D1655 and D7566 currently restrict total sul- 
phur content to 0.3% by mass (Table 3.1). Past 
surveys of Jet A-1 composition indicate the 
actual sulphur content is 321—800 ppm [12]. 
Further reduction of sulphur content is desired 
by ICAO to prevent emission of sulphur oxi- 
des and sulphur-containing particulates [12]. 
Aside from this desired reduction, low sulphur 
content is required to prevent corrosion of 
turbine blades by sulphur oxides. Mercaptan 
(methanethiol, CH,45) content is severely res- 
tricted to 0.003% [2,3] because it is known to 
be reactive with certain elastomers. 

Several other fuel contaminants are restric- 
ted by D7566, including the following: existent 


eum to less than 7mg per 100mL; metals 
including phosphorus and halogens to 1 mg/kg; 
nitrogen to 2 mg/kg; water to 75 mg/kg; and 
electrical conductivity improvers to 5 mg/L. It 
should also be noted that D1566 [2] calls up a 
stringent requirement for Fatty Acid Methyl 
Ester (FAME) content to be less than 50 mg/kg, 
following reports of unapproved Jet A-1 supply 
contamination by FAME in 2009. 


3.3 SPECULATION ON POSSIBLE 
FUTURE CHANGES IN ASTM 7566 
REQUIREMENTS 


3.3.1 Historical Trend 


When comparing D7655-15c issued in 2015 
[3] with D7655-13 issued in 2013 [13], aside from 
the introduction of Annexes A3 and A4, several 
requirement embellishments or overlays become 
apparent. For example, D7655-15c calls up an 
extended requirement on blend viscosity to be 
less than 12 mm?/s at —40°C, but this require- 
ment did not appear in D7655-13. On the other 
hand, the 2015 version offers the latitude of 
testing against Institute of Petroleum (IP) stan- 
dards as an alternative compliance demonstra- 
tion route. In summary, while new production 
routes have been approved and alternative test 
methods permitted, fuel blend specification has 
become progressively tighter over recent years. 
Concessions (or relaxation of requirements) are 
only likely to appear in D7655 when new/recent 
annexes are added or modified. 


3.3.2 Reduced Aromatic and 
Cycloparaffin Content 


The advantage of reducing aromatic content 
(to minimize formation of exhaust soot parti- 
culates) appears to be contradicted by the cur- 
rent need for a minimum aromatic content to 
maintain existing elastomer compatibility. This 
conflict might potentially be resolved by the 
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introduction of new elastomer seals though 
ASTM D4054. Recent work [14] has shown that 
the properties of fluorocarbon and fluorosilicon 
rubbers are far less sensitive to fuel composition 
changes than nitrile rubber. The problem with 
such an introduction, however, is that all existing 
aircraft fuel systems would have to be suitably 
upgraded prior to introduction of low-aromatic 
fuel blends. Perhaps the only way such a major 
change could be enforced is by the introduction 
of stricter particulate emission constraints. 

Removal of the constraint on minimum 
cycloparaffin content appears be a more likely 
concession, since it appears to be an ad hoc 
requirement that has not yet been challenged. 
In other words, it currently persists as a legacy 
of petroleum refinery experience. 


3.3.3 New Generalized Annex for the 


Fermented Sugar Production Route 


Currently, D7566 Annex A3 prohibits any 
significant olefin or aromatic content and effec- 
tively restricts production to farnasane. If it is 
supposed that the fermented sugar production 
route is generalized to include, for example, 
D-limonene or p-menthene (instead of farna- 
sane), then either the Annex 3 requirements 
would need to be revised, or a new annex 
would have to be created. Arguably, the cur- 
rent olefin or aromatic content limits are not 
necessary, bearing in mind the current 10% 
blend limit. Instead, equitable constraints on 
thermal stability, propensity to form gum, and 
antioxidant additions should be sufficient to 
define a compliant product. Similarly, the pre- 
blend batch requirement for a minimum freez- 
ing point of —60°C (Table 3.5) appears to be 
unnecessarily excessive. 


3.3.4 Flash Point Reduction 


It is worth pointing out that in recent years 
On-Board Inerting Gas Generation Systems 


(OBIGGS) have been fitted in aircraft in order 
to reduce the oxygen/nitrogen ratios in fuse- 
lage tank ullages, and have thereby prevented 
the possibility of in-tank explosions. Despite 
this introduction, the historical trend towards 
improving safety measures in a parallel man- 
ner suggests it would be unlikely that reduced 
flash point concessions will be offered in the 
future, although such a reduction is feasible in 
principle and may deserve review. 


3.3.5 Removal of Blend Fraction 


Constraint 


Perhaps the most likely and significant future 
change to D7566 requirements is the current 
need for blending with D1655-compliant fuel 
produced by petroleum refineries. This require- 
ment arguably involves a potential conflict of 
interest insomuch as it may not be in the 
commercial interests of a petroleum supplier to 
blend-in SPK produced by an independent 
bio-refiner, unless compelled to do so by some 
regulatory requirement. As mentioned previ- 
ously, D7566-15c currently imposes the seem- 
ingly arbitrary constraint that F—T SPK and 
HEFA-SPK can only be blended up to 50%, and 
SIP blending is limited to 10%. It is noted that in 
practise, density, or aromatic content, or some 
other property such as viscosity, often limits 
the amount of SPK that can be blended below 
these stipulated limits [3]. However, these lower 
practical constraints are difficult to establish 
since the margins on the actual properties of Jet 
A-1 with respect to D1655 limits are not defined. 
For example, a lower acceptable limit in aro- 
matic content is not explicitly defined in D1655. 
There must be cases, however, when blending 
beyond the stipulated 50/10% limits is viable. 
For example, if the aromatic content of a batch 
of Jet A-1 was 25% (say), then it would be pos- 
sible to dilute it by a factor of three with a batch 
of F—T SPK before the stipulated 8.4% lower 
aromatic blend limit is reached. 
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Eventually, agreement on a 100% bio-refined 
ATF will probably be sought by some organi- 
zations in the bio-refinery sector in order to 
achieve commercial independence from the 
petroleum refinery sector, although the main 
challenge will still likely be production cost 
reduction [4]. 


3.3.6 Possible Introduction of Small 


Mass Fraction Blend Annexes 


It is possible to conceive of new annexes to 
ASTM D7566 designed to permit more flexible 
production ATFs involving small blend frac- 
tions (up to 5%, say) of fuel batches from non- 
petroleum sources with Jet A-1. Such annexes 
could involve relaxed batch requirements, pro- 
vided the final blend product does not deviate 
significantly from D1655-compliant ATF. For 
example, a bio-derived fuel with heating values 
as low as ~30 MJ/kg could be deemed permis- 
sible, provided it is blended with Jet A-1 with 
at least 43.5 MJ/kg at less than 5% by mass. 
Again the key issue in this regard is the exact 
margins between actual Jet A-1 properties and 
the requirements specified in D1566. If a new, 
tighter specification for petroleum-derived ATF 
is formulated, then this ‘tight fuel’ could be 
blended with batches of bio-derived ATF that 
comply with more relaxed requirements. 


3.4 PROSPECTS FOR ALL-NEW, 
NON-DROP-IN FUELS 


From an ideal performance standpoint, a 
low-cost fuel with an ultra-high heating value 
and sufficiently high density is needed by 
the aviation sector. Unfortunately, among the 
hydrocarbons there are few viable options to 
consider [15]. Liquid hydrogen has been pro- 
posed as the ultimate zero-carbon emission 
ATF solution (eg, [16]) because it has high 
energy content (~120 MJ/kg). Its density is 
relatively low (~70 kg/m’), however, leading 


to designs with overly large, thermally insu- 
lated fuel tanks. The cryogenic delivery and 
storage of liquid hydrogen also poses signifi- 
cant operational problems. A more likely 
(intermediate) solution is the possible introduc- 
tion of liquid methane-fuelled (including lique- 
fied natural gas and liquefied bio-gas) aircraft 
(eg, [17]). Liquid methane has a slightly better 
heat content compared to Jet A-1 (~50 MJ/kg), 
moderately low density (~420 kg/mĉ°), and less 
problematic cryogenic storage issues than hydro- 
gen [9]. Future aircraft designs with so-called 
‘plended-wing bodies’ with improved lift-to-drag 
ratios may also offer increased wing tank 
volumes, thus offsetting the disadvantages asso- 
ciated with relatively low fuel density [18]. 
However, the capital investment for necessary 
aircraft development and airport infrastructure 
changes to permit liquid methane usage would 
probably be a formidable barrier to such a radical 
transformation. In summary, the prospects for an 
all-new, non-drop, alternative ATF appear to be 
poor in the foreseeable future, unless the price of 
petroleum-refined Jet A-1 rises rapidly, and/or 
unless strong environmental restrictions on net 
carbon emissions are imposed. 
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4.1 AN INTRODUCTION TO FAME 
IN JET A-1 


4.1.1 Current Restrictions of FAME 
Blends in Jet Fuel 


The American Society for Testing Materials 
(ASTM) Subcommittee J on Aviation Fuels is 
comprised of members of the aviation fuels 
community and has developed the standard 
ASTM D1655 [1]. Aviation turbine fuels meeting 
ASTM D1655 are limited to hydrocarbon distil- 
late products derived from a limited number of 
fossil sources. The listed sources of feedstocks 
for producing aviation turbine fuel include 
crude oil, natural gas liquid condensates, heavy 
oil, shale oil, and oil sands. ASTM has been 
working on approval of alternative fuels as 
blend components for ASTM D1655 through 
D02.0J.06 Section J.06 on Emerging Turbine 


Biofuels for Aviation. 
DOI: http://dx.doi.org/10.1016/B978-0-12-804568-8.00004-4 


Fuel, and has recently published the approved 
methods for the production of alternative jet 
fuels that are basically the Fischer—Tropsch 
hydroprocessed synthesized paraffinic kerosene 
(FT-SPK) and the hydroprocessed esters and 
fatty acids (HEFA). 

The group has developed the ASTM D7566 
Standard Specification for Aviation Turbine Fuel 
Containing Synthesized Hydrocarbons, which 
defines specifications for alternative fuels that 
can be used to blend semi-synthetic jet fuel meet- 
ing ASTM D1655 requirements [2]. As aviation 
turbine fuels must meet a myriad of require- 
ments, both specified and implied, this group 
had a very daunting task. Annex Al to ASTM 
D1655 defines how fuels from non-conventional 
sources are to be handled. It is assumed that jet 
fuel from conventional sources has properties 
that make it fit-for-purpose, and that fuels not 
from these sources must be thoroughly 
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evaluated before they can be used to blend 
ASTM D1655 jet fuel. These two alternative jet 
fuel blend components, when they meet all of 
the requirements of ASTM D7566, are allowed 
for blending ASTM D1655 jet fuel at up to 50% 
volumetric content. Other alternative jet fuel 
blend components are under evaluation by 
Section J.06 for inclusion in ASTM D7566. These 
include Alcohol-To-Jet (ATJ) fuels, alternative 
hydrocarbon fuels derived from pyrolysis pro- 
cesses, and other hydrocarbon fuels that come 
from other transformation technologies [3]. 

All of the alternative jet fuel blend compo- 
nents are hydrocarbons as these are the class of 
chemical compounds that are within the expe- 
rience base of the airframe and turbine engine 
producers that bear the highest responsibility 
for aircraft design and manufacture. Other clas- 
ses of chemical compounds that are not defined 
as fuel additives are expressly not allowed to 
be blend components for producing jet fuel as 
they may affect aircraft performance in ways 
that are not anticipated. ASTM D4054 [4] was 
recently amended to provide guidance on how 
new alternative jet fuel blend components need 
to be evaluated so that approval by regulatory 
bodies, airframe manufacturers, turbine engine 
manufacturers, and users (airlines, military, 
etc.) is timely. Approval of new jet fuel blend 
components is not swift, as SPK required years 
of effort to achieve an ASTM specification. But 
HEFA was approved much more quickly, and 
other alternative fuels are currently under eval- 
uation and will be approved if they meet all fit- 
for-purpose requirements. The Commercial 
Aviation Alternative Fuel Initiative (CAAFI) is 
an independent US non-profit organization cre- 
ated by the United States Federal Aviation 
Administration, Airlines for America, the 
Aerospace Industries Association, and Airports 
Council International for the purpose of edu- 
cating governments, industries, and the public 
about alternative aviation fuels. The CAAFI 
website (www.caafi.org) contains a link to the 


CAAFI ASTM D4054 Users’ Guide. [5]. The 
CAAFI website also contains details as to the 
process of certifying alternative aviation fuels. 

The aviation fuels community has consid- 
ered the issue of FAME in jet fuel for some 
time. In Europe, jet fuel is transported in com- 
mon carrier pipelines that also transport diesel 
fuel, which is required to contain biomass- 
derived components. FAME from diesel fuel 
trailed back in the pipeline and contaminated 
jet fuel that followed the diesel fuel. This 
resulted in concerns over the properties of jet 
fuel delivered to London Heathrow airport 
and nearly shut down the airport. In 2008, jet 
fuel contaminated by biodiesel led to an emer- 
gency fuel quarantine at Birmingham, UK, dis- 
rupting supplies and threatening closure of 
this UK airport. 

In Europe, the Joint Inspection Group 
approved (on 2 May 2015) FAME as an 
Identified Incidental Material in jet fuel up to 
50 ppm [2]. Efforts are underway to approve up 
to 100 ppm incidental material of jet with 
FAME, but final approval by the turbine engine 
manufacturers has not yet been completed and 
may not be approved due to concerns about per- 
formance of contaminated fuel in their equip- 
ment. As flight safety is the major concern, and 
there is no operational experience with fuel con- 
taminated with FAME at the 100 ppm level, reg- 
ulatory bodies are justifiably cautious. 


4.1.2 Potential Benefits of FAME Blends 
in Jet Fuel 


The actual situation of the production of 
renewable jet fuels, including the feedstock, the 
jet fuel input, and the technology used, was sum- 
marized recently [6], with a predominance of the 
HEFA technology over the ATJ or pyrolysis-to- 
jet and F—T technologies. Moreover, another 
research team evaluated some blends for use as 
jet biofuels in the tropics [7], and other authors 
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reviewed the actual situation in aviation biofuels 
in the frame of the European ITAKA group [8]. 
More recently, a work was published on 
blends of sesquiterpanes and 5-methylundecane, 
generated from biomass sugars by a combination 
of fermentation and chemical catalysis, which 
may allow for their production at industrially 
relevant scales and that show good properties as 
jet fuel [9]. 

However, the literature on the production 
and use of biodiesel for the aviation sector is 
still scarce, and in some cases, contradictory. 
Dunn [10] studied the properties of a fuel 
obtained by blending 10—30% vol. of soybean 
FAME with JP-8 and JP-8+ 100. Dagaut and 
Gail [11] examined the oxidation behaviour of 
a blend of 20% vol. rapeseed FAME with Jet- 
A1. Korres et al. [12] compared the behaviour 
of the jet fuel JP-5 against fossil diesel and ani- 
mal fat biodiesel in a diesel engine. Six FAME 
from jatropha, croton, calodendrum, coconut, 
sunflower, and soybean were prepared by 
Wagutu et al. [13], and they concluded among 
other findings that the coconut FAME most 
closely resemble fossil jet fuel properties. 

All the accepted alternative jet fuels have a 
common drawback: they do not have any oxy- 
gen in their molecular structures since fatty 
acid methyl esters (FAME) are not approved 
additives. However, the presence of oxygen in 
a fuel has two main advantages: (1) it reduces 
the carbon content of the fuel, which in turn 
reduces its carbon footprint, and (2) it reduces 
the soot formation (emission) of the fuel. 
Numerous studies, both experimental and 
numerical, confirm that oxygenated fuel addi- 
tives reduce soot formation in engines [14]. 
Llamas et al. [15] make the point that based on 
smoke point testing, jet fuel containing oxyge- 
nates should give lower total particulate matter 
(PM) emissions than conventional jet fuel. 
Moreover, a study has found that PM emissions 
from a plane’s engine can fall by almost 40% 
when researchers blend jet fuel with 


oxygenated fuels; emissions from planes at 
large airports are significant sources of local air 
pollution, including fine PM that can increase 
people’s risk of heart disease and asthma [16]. 

We believe that it is feasible to blend FAME 
components with conventional jet fuel at up to 
10% and still meet ASTM D1655 specifications. 
References cited in our papers also indicate that 
FAME may meet some requirements of jet fuel. 
Our group has recently published research 
[15,17,18] suggesting that some specific FAME 
blends, such as low carbon number saturated 
fatty acid esters, could be reconsidered as a 
possible aviation fuel blend component. 

We decided to focus our research on distil- 
lates of palm-like fruit oil FAME: babassu oil, 
coconut oil, and palm kernel oil blended with 
aviation fossil fuel up to 20% vol. Since Jet A-1 
was not always available to us, we tested 
blends with both Jet A-1 and a straight-run 
atmospheric distillation cut kerosene. We fol- 
lowed the lead of the Virgin Airlines 2008 
commercial flight from London to Amsterdam 
using babassu and coconut FAME. However 
we performed a vacuum distillation on 
babassu, palm kernel, and coconut FAME in 
order to lower, even to eliminate, the content 
of higher carbon number FAME in the blend, 
trying to limit the range to methyl myristate or 
lower, since low carbon number methyl esters 
would better fit aviation fuel requirements. 

FAME is a well-known fuel that can be pro- 
duced under more benign reaction conditions 
that do not require as much energy as the FT- 
SPK and HEFA. Only three low carbon num- 
ber saturated methyl esters were blended with 
conventional jet fuel. Similarly to HEFA, the 
source of the energy crops must be plentiful, 
economical, and sustainable; however, the 
recent possibility of obtaining fatty acids from 
single cell organisms and using genetic engi- 
neering could be of great value in the future 
(see chapter: Feedstocks for Aviation Biofuels). 
Further research on FAME blends for aviation 
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fuel is needed, and we suggest the stake 
holders and decision makers involved in the 
process for new aviation fuels admission — 
that is, ASTM, regulatory bodies, and fuel 
providers — not discard FAME as a possible 
aviation fuel blend component. 

With FAME incorporation clearly an issue, 
there have been concerns in the aviation fuels 
community about FAME from palm kernel, 
babassu, coconut, and camelina being blended 
into jet fuel at up to 10% while still meeting jet 
fuel performance specifications. Wilson et al. 
[19] outlined how alternative fuels are approved 
and why participation in technical society activi- 
ties such as the ASTM section on Emerging 
Aviation Turbine Fuels is important to research- 
ers in this area. Wilson pointed out [19] that 
only hydrocarbons are allowed components in 
aviation fuels and that oxygenates such as 
FAME are not allowed as blend components. In 
their opinion, stating that FAME can meet jet 
fuel ‘specifications’ is misleading and ignores 
both the technical content of ASTM D1655 and 
ASTM D7566 (as well as Def Stan 91-91) and the 
implied fit-for-purpose requirements for avia- 
tion turbine fuels. The specifications listed in 
ASTM D1655 and ASTM D7566 are not all- 
encompassing. Meeting requirements of jet fuel 
specifications does not make a product Jet A or 
Jet A-1 fuel. Raw material sourcing and proces- 
sing must also be considered, and in the case of 
alternative jet fuel blend components, addi- 
tional, more stringent testing is included, such 
as the higher temperature testing requirement 
for ASTM D3241 Standard Test Method for 
Thermal Oxidation Stability of Aviation Turbine 
Fuels (FTOT) [20]. 

Llamas et al. [17,18] argued that other tests 
not recognized by the aviation fuels commu- 
nity could be used to determine if FAME are 
appropriate as blend components for jet fuel. 
They proposed that based on a few para- 
meters, FAME blends with jet fuel could be 
blended at up to 10% and still meet ASTM 
D1699 standards. Wilson [19] stated that jet 


fuel is a hydrocarbon fuel and oxygenated 
components are not allowed. Although this 
statement does not completely discard 
biomass-derived components as part of jet fuel 
now or in the future, it implies that biomass- 
derived jet fuel blend components must be 
converted into a hydrocarbon product with 
properties similar to what has been learned by 
experience over decades of operation of air- 
craft on hydrocarbon fuels of fossil origin. 
Wilson et al. [19] also criticized Llamas et al. 
[17,18] for not using appropriate tests. They 
contended that these potential jet fuel blend 
components must be tested and approved 
using established protocols as is being done 
for other potential biomass-based jet fuel blend 
components such as ATJ products. 

ASTM in particular, and the aviation fuels 
community in general, agree that there is a 
need to develop alternatives to fossil-derived 
jet fuel. However, they state that these fuels 
must be hydrocarbon fuels, and that any other 
heteroatoms in alternative fuels should not be 
allowed. It is argued that, as it is simple to 
hydroprocess fatty oils into hydrocarbons, and 
even gasification/FT synthesis can be applied 
to biomass, there is essentially no restriction to 
the production of blend components for com- 
mercial and military aviation turbine engine 
fuels from a variety of biomass feedstocks. 

Additionally ASTM D7566 includes very 
strict limits on the metals content of alternative 
fuels to be used for blending ASTM D1655- 
compliant jet fuel. Individual metals cannot 
exceed 0.1 ppm (100 ppb), and total metals can- 
not exceed 1 ppm (1000 ppb). Although there is 
a paucity of information available in the litera- 
ture on metals content of FAME biofuels, the 
data presented by Blakey et al. [21] indicate 
that FAME fuels may not meet ASTM D7566 
requirements. The Blakey et al. papers [21,22] 
also present information on the impact of 
FAME on the range of aircraft flight. These data 
indicate a 20% reduction in range of a Boeing 
747 aircraft if fuelled with FAME blends. This 
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impact will naturally depend on the specific 
properties of the FAME used for comparison, 
as lighter FAME products have proportionally 
higher oxygen content and thus lower energy 
content. Chuck et al. have investigated different 
jet biofuels, and interestingly, they have calcu- 
lated their payload versus range [23]. This issue 
is further developed in Section 3.10. 

While some authors have studied the prop- 
erties of alternative aviation fuels related to 
their performance in a turbine (heating value, 
freezing point, oxidation, etc.) [10,12,24], there 
are no studies related to the effect of this fuel 
when in contact with airplane materials. Both 
the engine and the fuel system include many 
materials of different composition. It is crucial 
that they be compatible with the fuel they are 
in contact with in order to guarantee safety at 
all times. 


4.1.3 Objectives 


In conclusion, at the present moment FAME 
is not approved as a jet fuel additive. The max- 
imum allowable level is 50 ppm, which is the 
officially accepted functional definition of 
‘Identified Incidental Material’ [2]. However, 
based on the assumption that fatty acid esters 
could still serve as aviation fuel blend compo- 
nents, two different processes were tested, and 
they are outlined in this chapter. 

In the first approach, FAME from oils rich 
in shorter-chain fatty acids — such as coconut, 
palm kernel, and babassu (a palm popular in 
Brazil) — were synthesized [25]. The fraction 
that approached the distillation range of fossil 
kerosene (from 175—185°C to 240—275°C at 
atmospheric pressure) was then separated by 
vacuum distillation. Because these pure dis- 
tilled FAME (DFAME) did not meet aviation 
jet fuel standards, blends containing 5, 10, and 
20% vol. of DFAME with fossil kerosene with 
and without additives were tested together 
with pure DFAME. 


In the second method a FAME derived from 
camelina oil (commonly known as gold of 
pleasure oil) very rich in unsaturated methyl 
esters (84.7%wt.) was blended without previ- 
ous distillation at 5, 10, and 20% vol. with fos- 
sil kerosene without additives. The excellent 
cold flow behaviour of these unsaturated 
methyl esters suggested direct blending with- 
out previous distillation. Linseed oil was also 
selected as a possible feedstock for FAME pro- 
duction because of its average low-chain acids 
and its high degree of unsaturation. 

This chapter also offers a quantification of 
the potential of FAME blends for the reduction 
of soot, a common problem with fossil kero- 
senes. The reduction of sooting tendency, 
together with benefits from other properties 
reported in previous works [17,18], make 
FAME blends worthy of consideration as via- 
ble alternatives to aviation fuels. 

Finally, the compatibility of three types of 
materials present in modern airplanes with 
blends of DFAME and Jet A-1 will be 
detailed. The fabrication and properties of 
these blends have been described previously 
[17,18]. Polymer materials have been tested 
for traction, resistance, hardness, and mass 
and dimensional variations. Metals (silver 
and copper) have been tested for corrosion, 
and the blends of jet fuel have been tested 
(before and after immersion of the compo- 
sites) for acidity, density, viscosity, colour, 
and Fourier transformed infrared absorption 
(FT-IR) to evaluate possible compositional 
changes. 


4.2 METHODS USED IN THE 
TESTING OF FAME COMPONENTS 
IN JET-Al 


4.2.1 Chemical Materials 


Refined coconut oil was purchased from 
Acros Organics (CAS No.  8001-31-8), 
refined linseed oil (CAS No. 8001-26-1) 
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from Fischer Scientific, and crude palm 
kernel oil and crude babassu oil were sup- 
plied by Combustibles Ecologicos Biotel SL. 
Camelina seeds were supplied by the 
Laboratory of Fuels & Petrochemistry of 
the Gomez-Pardo Foundation. Two differ- 
ent kerosene fuels of fossil origin were 
used to prepare the blends with DFAME: 
K1 was a straight-run atmospheric distilla- 
tion cut kerosene, subjected to hydrotreat- 
ing to remove sulphur compounds, without 
any additives; K2 was a commercial Jet 
A-1 with additives, used for civil aviation. 


Both samples of fossil kerosene were 
obtained from the Spanish Compañía 
Logística de Hidrocarburos (CLH). The 


DFAME were blended at 5, 10, and 20% 
vol. of DFAME, with the two types of fos- 
sil kerosene described above. 

All reagents were of commercial grade and 
were used without any further purification. 
Dichloromethane (Panreac) was of technical 
grade. Methanol (Scharlau) was of synthesis 
grade. p-Toluenesulphonic acid (Scharlau), 
used as a catalyst for the esterification reaction 
of the crude oils, was also of synthesis grade. 
Molecular sieve (Scharlau) was of technical 
purity. The catalytic solution was sodium 
methoxide 25%wt. in methanol (Acros 
Organics). Magnesium silicate Magnesol D-60 
was kindly supplied by The Dallas Group of 
America. 





FIGURE 4.1 Samples of polymers [26]. 


4.2.2 Aircraft Materials 


The first group of materials tested in this work 
were polymers, which form an important part of 
the fuel system of the plane and are under differ- 
ent states of load, pressure, and temperature dur- 
ing their useful life. They are used in the 
deposits, tanks, valves, joints, and other compo- 
nents of the airplane fuel system. All polymers 
were purchased from Grupo de Empresas y 
Talleres (Madrid). Tested polymers were thermo- 
plastics such as polyvinyl chloride (PVC), poly- 
propylene (PP), and polyethylene (PE), and 
elastomeric polymers such as styrene butadiene 
rubber (SBR) and VITON, which is a trademark 
patented by Dupont. To be able to carry out the 
study, the samples were made according to the 
standard of tensile test for polymers ASTM D638 
(Fig. 4.1 and Table 4.5). They were built with a 
manual press, model 6051000 CEAST. 

The second group of tested materials were 
metals, silver and copper, both used in the 
design of the engine. These materials are used 
to fight corrosion in the components of the fuel 
system. In aviation, copper oxide is mainly 
used to form an anticorrosive layer on the 
underlying layers of metal. It improves their 
properties at low temperatures, making it 
suitable for cryogenic applications. 

The compatibility test with metals is based 
on the determination of the corrosion caused 
by the fuel that is in contact with the metals. 
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Aviation fuel contains potential corrosive com- 
pounds that are limited by the specifications, 
like mercaptans (maximum 0.002%wt. in Jet A-1) 
or organic acids. Also, traces of compounds such 
as sodium, potassium, and other alkaline metals 
present in the fuel can cause corrosion in the tur- 
bine engine. In an attempt to tackle the problem 
of corrosion, aircraft companies use aluminium 
to build the fuel deposits, and steel covered by 
copper and silver to create a protection layer. 
These two metals were tested for corrosion with 
our biofuel jet samples. 

The third and final group of materials tested 
were samples of composite materials. 
Composites have good tensile strength and 
resistance to compression, making them 
suitable for use in the manufacture of aircraft 
parts. The tensile strength of the materials 
comes from their fibrous nature. The good 
resistance to compression can be attributed to 
the adhesive and stiffness properties of the base 
matrix system. It is the role of the resin to main- 
tain the fibres as straight columns and to pre- 
vent them from buckling. In particular, ribs and 
wings from the airplane provided by Airbus 
Company were tested. These samples included 
a main part composed of carbon fibre with a 
titanium screw electrically isolated, yellow 
paint on the surface, and phenylene polysulfide 
in the joints to seal the structure (Fig. 4.2). 


50 mm 


20 mm 





4.2.3 Extraction of Camelina Seeds 


Camelina seeds are very small dark-yellow 
grains of elliptical shape (2.09 mm Xx 1.14 mm). 
Whole seeds of camelina were dried overnight 
at 105°C in an oven, and the seeds were 
extracted with dichloromethane in a 1 L Soxhlet 
extractor for 24h. After elimination of the sol- 
vent, the oil extracted amounts only to 6%wt. of 
the dried seeds, and since higher oil yields have 
been reported for this seed in the literature [27], 
the seeds were gently ground in an iron mortar, 
and the extraction procedure was repeated after- 
wards. The amount of extracted oil from the 
ground seeds increased to 31.4%wt., closer to 
the reported values. 


4.2.4 Esterification and 
Transesterification 


Transesterification of babassu, camelina, 
coconut, lineseed, and palm kernel oils was 
carried out following the experimental proce- 
dure previously described in the literature 
[28]. Refined coconut oil has an acidity index 
of 119mg KOH/g and a water content of 
411 ppm, and the previous esterification step 
was unnecessary with this feedstock. However, 
crude palm kernel oil has an acidity index of 
4.31 mg KOH/g and a water content of 442 ppm, 


FIGURE 4.2 Samples of composites 
[26]. 
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and therefore the esterification step was perti- 
nent for reducing the acidity to 0.14 mg KOH/g. 
The FAME profiles of the coconut and palm ker- 
nel biodiesels obtained with this procedure are 
reported in Table 4.1. Crude babassu and cameli- 
na oils also needed the previous esterification 
step because their acidity numbers were 7.96 and 
3.96 mg KOH /g oil, respectively. After esterifica- 
tion, their acidity numbers decreased to 0.24 and 
1.58 mg KOH /g oil, respectively. Also after the 
esterification step, babassu oil was dried over a 
4A molecular sieve (8%wt. of sieve based in 
the weight of oil) due to its high water content 
(984.1 ppm), which could have potentially 
caused the formation of soaps. It was filtered 
prior to transesterification. Camelina oil was 
essentially dry due to the previous drying of the 
seeds. The FAME profiles of the babassu and 
camelina biodiesels obtained with this procedure 
are also reported in Table 4.1. The FAME profile 
of the coconut, palm kernel, and babassu biodie- 
sels shows that the main constituent is methyl 
laurate, followed by methyl caprylate and 
methyl caprate in much smaller amounts. The 
quantity of FAME higher than C16 does not 
reach high values, and therefore these feedstocks 
are appropriate for use as DFAME. 

The camelina and linseed oils were different 
feedstocks. The FAME profile of these feed- 
stocks is unsaturated because in this case the 
amount of unsaturated FAME reached more 
than 80%wt. with more than 30%wt. of methyl 
linolenate (C18:3). The good cold behaviour of 
unsaturated FAME [29] makes these biodiesels 
(without distillation) appropriate for the pro- 
duction of biofuels. Table 4.1 shows the FAME 
profiles of the pure DFAME from _ babassu 
(BDFAME100), camelina (CAMFAME100), coco- 
nut (CDFAME100), linseed (LINFAME100), and 
palm kernel (PDFAME100) oils. 


4.2.5 Distillation 


The DFAME fractions of the babassu, coco- 
nut, and palm kernel biodiesel fuels were 


obtained by fractional distillation using a 41 cm 
long x 3.5 cm of Vigreux column. The distilla- 
tion was carried out at 2 torr (2.67 hPa) using a 
rotary vacuum pump, and the boiling point 
range of the DFAME was converted to atmo- 
spheric equivalent temperature (AET) of distil- 
lation using the procedure recently described 
[30]. The babassu DFAME (BDFAME100) dis- 
tilled between 47°C and 124°C at 2 torr, which 
transformed to AET was between 273°C and 
359°C, with a yield of 73.3%wt. with respect to 
the babassu biodiesel fuel, leaving 19.4%wt. 
yield of a bottom fraction (babassu bottom) that 
was also characterized. This boiling range is 
around 100°C higher than that of fossil kero- 
sene, which ranges between 175—185°C and 
240—275°C. This situation also happens with 
biodiesel, which has a much higher distillation 
temperature than fossil diesel. However, the 
ASTM D1655 standard fixes a final boiling 
point temperature for fossil kerosene of 300°C 
(maximum), and therefore the babassu DFAME 
produced here surpasses this point at around 
60°C. The coconut DFAME (CDFAME100) dis- 
tilled between 47°C and 114°C at 2 torr 
(2.67 hPa), which transformed to AET was 
between 273°C and 349°C with a yield of 81.8% 
wt. based on the coconut FAME, leaving 12.6% 
wt. yield of a bottom fraction (coconut bottom) 
that was also characterized. This boiling range 
was around 100°C higher than that of fossil ker- 
osene, which ranges between 175—185°C and 
240—275°C; therefore, the coconut DFAME pro- 
duced here surpassed this point at around 
50°C. The palm kernel DFAME (PDFAME100) 
distilled between 35°C and 113°C at 2 torr 
(2.67 hPa), which transformed to AET was 
between 259°C and 348°C, again around 100°C 
higher than the distillation range of fossil kero- 
sene. Thus, the palm kernel DFAME produced 
here did not meet standards. The yield of palm 
kernel DFAME was 40.8% based on the palm 
kernel FAME, leaving a 58.6% yield of a bottom 
fraction (palm kernel bottom) that was also 
analyzed. 
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TABLE 4.1 FAME Profiles of the Biodiesels and DFAME 


FAME, (%wt.)* 
C8:0 

C10:0 

C12:0 

C14:0 

C16:0 

C18:0 

C18:1 

C18:2 

C1833 

C20:0 

C20:1 

C22:0 

C22:1 

Iodine value, IV 
Mean formula 


Molecular weight 


(g/mol) 


Stoichiometric 
air/fuel ratio 


CS (% wt) 
HS (% wt) 
OS (% wt) 


Boiling 
Point” (°C) 


193769 
994700 
962766 
295751 
41 6 
449747 
21970 
21579 
18249 
215.5'°° 
240'° 
1740-266 


Coconut 
FAME DFAME 
8.3 17.3 
3.0 7 
55.5 66.7 
14.9 8.9 
6.4 0.1 
2.5 — 
7.5 Traces 
19 — 
99 0 
Ci3.5H26.802  C121H24.202 
220.876 201.950 
12.004 11.760 
73.29 72.06 
1222 12.09 
14.49 15.84 


“All compositions were normalized to 100% wt. 
"Superscripts are the distillation pressures in mmHg. 
“Calculated from the mean formula. 


Palm Kernel 


Traces 
Traces 
56.6 
15.0 
8.5 

1.7 
17.1 
1.1 


16.8 
C14.5sH28.802 
235.584 


12.167 


74.11 
12.31 
13.58 


0 
C12.8H25.502 
211.051 


11.891 


72.65 
12.19 
15.16 


Babassu 
FAME DFAME 
3.91 133 
33 11.3 
20.9 69.3 
31.3 5.58 
18.0 0.61 
5.51 = 
12.5 — 
0.21 — 
3.45 — 
0.19 — 
0.72 — 
20.7 0 
Cıs.1H29.802  C12.2H24.402 
242.980 202.860 
12.240 11.775 
74.50 72.13 
12.34 12.11 
13.17 15.77 


Camelina 


0.84 
0.41 
5.83 
2.97 
15.8 
18.9 
34.0 
1.54 
16.0 

Zee, 

1.4 
148.9 
C19.2H35.002 
298.153 


12.508 


77.45 
11.82 
10.73 


Linseed 


bo 
4.1 
19.1 
17.2 
53.5 


186.5 
C18.9H33.502 
292.403 


12.409 


77.52 
11.54 
10.94 
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The boiling points of FAME of interest are 
also reported in Table 4.1. The boiling points 
of methyl laurate and methyl myristate are, 
respectively, 262’°° and 295”°'°C, and that of 
methyl palmitate 415—418’*°C (superscripts 
are the distillation pressures in torr). The coco- 
nut DFAME produced here was mainly com- 
posed of the two former, with no significant 
amounts of the latter, as can be corroborated 
by the ester profile. Although the AET distilla- 
tion curve for biodiesel simulated from the 
individual FAME boiling points presented 
lower values than the experimental one [30], in 
this case the opposite was obtained. In fact, it 
is surprising that although coconut DFAME 
produced here was 17.0%wt. of C8:0 FAME (b. 
p. 192.97°°°C) and 7.0%wt. of C10:0 FAME (b. 
p. 2247°°°C), the distillation started at 273°C, 
thus indicating the formation of an azeotropic 
mixture of maximum boiling point. In the case 
of palm kernel DFAME, the distillation started 
earlier (259°C), almost coinciding with the boil- 
ing point of methyl laurate (b.p. 262’°°°C), but 
also finished at 348°C, although no higher 
FAME than C14:0 could be found in the ester 
profile, also indicating the formation of azeo- 
tropic mixtures of maximum boiling point. 
This fact was again opposite to the finding that 
the AET distillation curve simulated from the 
FAME individual boiling points was lower 
than the experimental one [30]. The camelina 
FAME (CAMFAME100) and linseed FAME 
(LINFAME100) were used without previous 
distillation. 


4.2.6 Blending 


The DFAME were blended at 5, 10, and 20% 
vol. of DEFAME, with two types of fossil kero- 
sene: (1) a straight-run atmospheric distillation 
cut (hydrotreated) in the boiling range of kero- 
sene, without any additives in it (K1), and (2) 
commercial jet fuel Jet A-1 (K2). To prepare 
the blends of fossil kerosene (K1 and K2) and 
5, 10, and 20% vol. of FAME, pipettes, beakers, 


and volumetric flasks with the maximum pre- 
cision (DIN 12600) were used. These amounts 
were established in order to evaluate a pro- 
eressive incorporation of these renewable fuels 
into the aviation jet fuels. 

In kerosene K2, additives are used to pre- 
vent the formation of oxidation deposits in air- 
craft engines and fuel systems, to inhibit steel 
corrosion, to improve fuel lubricity and oxida- 
tion stability, to increase the electrical conduc- 
tivity of the fuel, to avoid microbiological 
contamination, to prevent ice formation in fuel 
systems, and to assist in detecting fuel leaks. 
The ASTM D1655 standard fixes the allowed 
additives in jet fuels [1]. 

Only the specifications considered essential 
among those required by the standard ASTM 
D1655 were tested. Of course, all these stan- 
dard specifications and the fit-for-purpose 
properties included in the Handbook of Aviation 
Fuel Properties published by the Coordinating 
Research Council (CRC) [31] should also be 
met before any test flight. 

The following tables list the values of the 
properties measured for blends of palm 
kernel (PDFAME100) and babassu DFAME 
(BDFAME100) with kerosene without addi- 
tives K1 (Table 4.2), for blends of coconut 
DFAME(CDFAME100) and camelina FAME 
(CAMFAMEI100) with kerosene without addi- 
tives K1 (Table 4.3), and for blends of palm 
kernel (PDFAME100) and babassu DFAME 
(BDFAME100) with kerosene with additives 
Jet A-1 K2 (Table 4.4).In these tables, the stan- 
dard procedures, equipment used, and experi- 
mental errors are also shown. 


4.2.7 Experimental Setup, Conditions, 
and Calibration of the Smoke Point 


Smoke point is defined as the height in milli- 
metres of the highest flame produced without 
smoking soot breakthrough when the fuel is 
burned in a specific test lamp [32]. Numerous 
studies [33—35] have defined the sooting 
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TABLE 4.2 Properties of the Blends of Palm Kernel (PDFAME) and Babassu (BDFAME) DFAME With Fossil Kerosene Without Additives (K1) 


% DFAME 


Colour and aspect 


Acidity (mg KOH/g) 


Water content (mg/kg) 


Elemental C (%) 
composition 
H (%) 
O (%) 
N (%) 
S (%) 


Density at 15°C 
(kg/m?) 


Higher heating value 
(MJ/kg) 


Lower heating value 


(MJ/kg) 


Energy density 
(GJ/m*) 


Viscosity at —20°C 
(mm7/s) 


Viscosity at 40°C 
(mm/s) 


Flash point (°C) 


Freezing point (°C) 


0 


Clear 


85.90 
13.88 
0.22 


793.0 


47.40 


44.44 


35.23 


3.26 


12.0 


— 42.5 


Palm Kernel DFAME (PDFAME) 


Clear 


84.79 
13.10 
2.11 


800.0 


45.31 


42.51 


34.01 


16.0 


— 42.5 


10 


Clear 


84.17 
13.82 
2.01 


804.2 


45.08 


42.13 


33.88 


3.49 


21.0 


— 43 


20 


Clear 


82.73 
13.13 
4.14 


812.0 


44.01 


41.20 


33.45 


3.85 


21.0 


— 41 


100 


Clear 


71.84 
12.51 
15.65 


37.57 


34.89 


7.16 


— 15.3 


Equipment 


Visual 


LECO CHN-600 


Hydrometer 


LECO AC300 


Cannon-Fenske 
Proton 4378 


Herzog 1088 


M. Belenguer 
528.01 


Clear 


595.2 


85.90 
13.88 
0.22 
0.02 
0.17 
793.0 


47.70 


44.44 


35.23 


12.0 


— 42.5 


Babassu DFAME (BDFAME) 


Clear 


0.022 


202.0 


84.98 
13.16 
1.68 
0.02 
0.16 
805.9 


45.63 


42.82 


34.51 


10 


Clear 


0.033 


197.2 


84.79 
13.11 
1.95 
0.02 
0.13 
809.2 


45.16 


42.36 


34.28 


1.46 


30.0 


20 


Clear 


0.034 


95.35 


82.97 
12.95 
3.93 
0.02 
0.13 
816.6 


44.66 


41.89 


34.21 


1.24 


27.1 


100 


Clear 


0.033 


343.5 


73.38 
11.55 
14.86 
0.11 
0.10 
874.5 


37.41 


34.93 


30.55 


Equipment 


Visual 
Manual 
Karl-Fischer 


831KF 
LECO CHNS-932 


DigitalDM48 


LECO AC300 


Cannon-Fenske 
Proton 4378 


Petrotest PMA4 


ATPM 


Method 


ASTM 
D1500 


EN ISO 
14104 


ASTM 
D1774 


ASTM 
D5291 


ASTM 
D1298 


ASTM 
240 


ASTM 
240 


EN ISO 
3104 


EN ISO 
3104 


EN ISO 
3679 


ASTM 
D2386 


Experimental Error 


+ 0.5 u.c 


+ 0.02 


< 0.005 


+ 0.71 
+0.18 


+0.11 
+ 0.01 + 0.06 - mean 
+0.3 


+0.25 


+ 0.20% 


+ 0.20% 


+12 


+ 3.0 


(Continued) 


TABLE 4.2 (Continued) 
% DFAME 0 


Smoke point (mm) 19.00 


Cloud point (°C) = 


Pour point (°C) 7 


Cold filter plugging = 
point (°C) 


Copper strip corrosion, la 
class 


Oxidative stability (h) 


Palm Kernel DFAME (PDFAME) 


21.00 


la 


10 


22.50 


la 


20 


24.17 


la 


100 


— 5.0 


la 


Equipment 


Analis47551 


ISL ATPEM 
11/86 


M. Belenguer 
534.01 


19.00 


la 


Babassu DFAME (BDFAME) 


18.33 


— 28 


— 38 


la 


>8 


10 


20.33 


— 28 


= 33 


1b 


>8 


20 


23.33 


=o 


— 30 


1b 


>8 


100 


22.80 


= 23 


la 


>8 


Equipment 


Analis47551 


ATPM 


ATPM 


M. Belenguer 
534.01 


Rancimat 
Methrom 743 


Method 


ASTM 
D1322 


ASTM 
D2500 


ASTM 
D2500 


EN ISO 
116 


ASTM 
D130 


EN 
14112 


Experimental Error 


+0.5 


< 3.0 


< 3.0 


0.09 mean + 0.16 


TABLE 4.3 Properties of the Blends of Coconut (CDFAME) and Camelina (CAMFAME) FAME With Fossil Kerosene Without Additives (K1) 


Coconut DFAME (CDFAME) 


% DFAME 0 5 10 20 100 Equipment 
Colour and aspect Clear Clear Clear Clear Clear Visual 
Water content 47.6 53.8 80.5 113.7 278.9 Karl-Fischer 
(mg/kg) 831KF 


Elemental C(%) 85.90 8484 83.44 82.14 72.35 LECO CHNS- 


composition 932 
H (%) 13.88 13.68 13.37 13.46 12.12 


O(%) 0.22 1.48 3.19 4.40 15.54 


NP Sees 

Sy a Se = S&S & 
Density at 15°C 802.0 805.0 807.0 812.0 867.0 Pyknometer 
(kg/m?) 
Density at 23°C — = — — 870.0 Pyknometer 
(kg/m?) 


Higher heating value 47.40 45.32 4447 43.94 37.66 Parr 1351 
(MJ/kg) 


Lower heating 44.44 42.39 41.62 41.06 35.06 — 
value (MJ/kg) 


Energy density 35.63 34.13 33.58 33.34 30.40 

(GJ/mô) 

Viscosity at —20°C 3.26 3.64 3.81 4.18 8.26 Cannon-Fenske 
(mm/s) Afora 5353/2B 
Viscosity at 40°C — — = — 2.27 

(mm?/s) 


Viscosity at 100°C — = = = - = 
(mm7/s) 


Clear 


85.90 
13.88 


0.02 
0.17 


793.0 


47.70 


44.44 


35.23 


Camelina FAME (CAMFAME) 


5 


Clear 


85.29 
12.99 
1.65 
0.02 
0.05 


806.7 


45.30 


42.52 


34.30 


3.10 


1.259 


0.680 


10 


Clear 


84.23 
12.61 
3.11 
0.02 
0.03 


810.8 


45.00 


42.30 


34.30 


3.20 


1.308 


0.705 


20 


Clear 


83.86 
12.45 
3.64 
0.02 
0.03 


819.8 


44.80 


42.14 


34.55 


3.80 


1.454 


0.766 


100 


Clear 


77.09 
11.09 
11.74 
0.02 
0.06 


889.3 


40.00 


37.71 


33.46 


6.96 


4.340 


1.708 


Equipment 


Visual 


LECO 
CHNS-932 


Digital 
DM48 


LECO AC- 
300 


Estimated 


Cannon- 
Fenske 


Method 


ASTM 
D1500 


EN ISO 
12937 


ASTM 
D5291 


EN ISO 
12185 
EN ISO 
3675 


EN ISO 
3675 


ASTM 
240 


ASTM 
240 


ASTM 
D341 


EN ISO 
3104 


ASTM 
D445 


Experimental 
Error 


+ 0.5 u.c. 


+ 6.7 


+ 0.71 
+0.18 


+0.11 


+ 0.01 + 0.063 
mean 


+0.3 


+ 0.20 % 


+ 0.20 % 


+ 0.20 % 


(Continued) 


TABLE 4.3 (Continued) 


Coconut DFAME (CDFAME) Camelina FAME (CAMFAME) 
a ee ee ee Experimental 

% DFAME 0 5 10 20 100 Equipment 0 5 10 20 100 Equipment Method Error 

Smoke point (mm) 19.00 18.00 20.67 22.00 — Analis47551 19.00 19.67 21.67 23.67 — Analis47551 ASTM +0.5 
D1322 

Freezing point (°C) = — = — = — — 42.5 = = — — — ASTM <30 
D2500 

Cloud point (°C) = = = = = — — —26 =26 =22 =5 ATPEM ASTM < 3.0 
D2500 

Pour point (°C) — = — — — = — -40 -32 -31 -5 ATPEM ASTM <30 
D2500 

Cold filter plugging -29.5 -33.0 -33.0 -31.0 -—10.0 ISLFPP 5Gs — —-31 -29 -26 -5 ISLFPP5Gs ENISO +1.0 

point (°C) 116 

Lubricity (mm), 0.64 0.35 0.28 0.24 0.30 PCS — — — — — — EN ISO +1.0 um 

HERR test 12156 

Oxidative 16.0 17.2 18.6 18.6 22.6 Rancimat — >8 28 26 14 Rancimat EN + 0.09 mean 


stability (h) 743Methrom 743Methrom 14112 value +0.16 


TABLE 4.4 Properties of the Blends of Palm Kernel (PDFAME) and Babassu (BDFAME) DFAME With Fossil Kerosene With Additives Jet A-1 (K2) 


Palm kernel DFAME (PDFAME) 


% DFAME 0 5 10 20 Equipment 
Colour and aspect Clear Clear Clear Clear Visual 
Acidity = = = — = 

(mg KOH/g) 


Water content L a = = = 
(mg/kg) 
Elemental C(%) 84.12 84.47 84.17 82.57 LECO CHN-600 


composition 
P H(%) 14.67 14.24 13.97 14.11 


O(%) 1.22 1.29 1.86 3.32 


N (%) — = = = 
Din) = = = = 
Density at 15°C 791.0 802.3 805.5 811.8 Hydrometer 
(kg/m?) 
Density at 23°C = = 5 = = 
(kg/m?) 
Higher heating 46.04 45.68 45.17 44.21 LECO AC-300 


value (MJ/kg) 
Lower heating value 42.90 42.64 42.18 41.19 — 


(MJ/kg) 

Energy density 33.93 34.21 33.98 33.44 

(GJ/m°) 

Flash point (°C) 43.0 43.5 45.0 45.5 Herzog 1088 


Freezing point (C)  —62.0 —60.0 —48.3 —41.5 M.Belenguer 
528.01 


Cloud point (°C) — = = = _ 


Clear 


0.011 


84.12 
14.67 


791.0 


46.04 


42.90 


33.93 


43 


—62.0 


Babassu DFAME (BDFAME) 


Clear 


0.011 


138.6 


85.81 
13.25 
0.11 
0.10 
0.73 
804.0 


804.7 


45.95 


43.12 


34.67 


43 


=39 


10 


Clear 


0.011 


113.7 


84.13 
13.08 
0.13 
0.10 
2.56 
807.7 


807.0 


45.54 


42.74 


34.52 


44 


—38 


20 


Clear 


0.034 


346.4 


78.35 
12.64 
0.15 
0.20 
8.66 
814.9 


814.7 


44.75 


42.04 


34.26 


46 


=35 


100 


Clear 


0.033 


595.3 


73.38 
11.55 
0.11 
0.10 
14.86 
874.5 


874.2 


37.41 


34.93 


30.55 


50 


Equipment 


Visual 


Manual 


Karl-Fischer 


LECO 
CHNS-932 


DigitalDM48 


DigitalDM48 


LECO AC- 
300 


Petrotest 
PMA4 


ATPM 


Method 


ASTM 
D1500 


EN ISO 
14104 


ASTM 
D1774 


ASTM 
D5291 


ASTM 
D1298 


ASTM 
D1298 


ASTM 
D240 


ASTM 
D240 


EN ISO 
3679 


ASTM 
D2386 


ASTM 
D2500 


Experimental 
Error 


+ 0.5 u.c. 


+0.02 


<0.005 


+ 0.71 

+0.18 

+ 0.11 

+ 0.01 + 0.06 mean 
+0.3 


(Continued) 


TABLE 4.4 (Continued) 


Palm kernel DFAME (PDFAME) 
% DFAME 0 5 10 20 Equipment 


Pour point (°C) — = = — =n 


Smoke point (mm) 23.33 24.33 25.67 26.67 Analis 47551 


Copper strip la la la la M.Belenguer 
corrosion, class 534.01 


Viscosity at —20°C 3.42 3.51 3.67 4.06 Cannon-Fenske 
(mm*/s) Afora 5354/2B 


Viscosity at 40°C = = = = = 
(mm7/s) 


Oxidative — = = — = 
stability (h) 


23, 


la 


33 


Babassu DFAME (BDFAME) 


—43 


23.67 


la 


27 


>8 


10 


—42 


24.67 


la 


1.31 


>8 


20 


=i 


26.67 


la 


1.32 


>8 


100 


= 29 


22.80 


la 


2.13 


>8 


Equipment 
ATPM 


Analis 47551 


M.Belenguer 
534.01 


Cannon- 
Fenske 


Rancimat 
Methrom 
743 


Method 


ASTM 
D2500 


ASTM 
D1322 


ASTM 
D130 


ASTM 
D445 


ASTM 
D445 


EN 
14112 


Experimental 
Error 


<0.3 


+ 0.20 % 


+ 0.0013 mean 
(0.2 %) 


+ 0.09 mean + 0.16 
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tendency of fuels and blends as inversely pro- 
portional to their smoke point. Consequently, a 
minimum value is required in jet fuel standards 
(min. 25 mm). A standard smoke point lamp as 
specified by ASTM D1322 was used for the 
smoke point measurements. A steel frame 
(painted black) surrounding the apparatus was 
used to control air flow during the measure- 
ments. For each fuel, the smoke points were mea- 
sured three times, averaged, and the standard 
deviation obtained. Previously, the method was 
calibrated in accordance with ASTM D1322 
using two standard reference fuel blends. The 
first blend, composed of 15% vol. toluene and 
85% vol. 2,2,4-trimethylpentane (iso-octane), led 
to a smoke point of 25mm, and the second 
blend, composed of 40% vol. toluene and 60% 
vol. 2,2,4-trimethylpentane, led to a smoke point 
of 15mm. Comparison of the measured smoke 
points and those reported in the standard led to 
a correction factor of 1.006. The ambient temper- 
ature and relative humidity of the test site were 
monitored to make sure that fluctuations of envi- 
ronmental conditions did not affect the smoke 
points of the blends. The ambient temperature 


ranged from 21°C to 25°C, and the relative 
humidity ranged from 47% to 57%. All tests 
are performed at atmospheric pressure (around 
93.5 kPa). 


4.2.8 Procedures to Test Materials 
Compatibility 


Different tests were conducted depending 
on the group of materials. 


4.2.8.1 Polymers 


Each of the compatibility tests with the 
polymeric materials was performed with a full 
immersion of the five samples in the fuels 
studied. The tests were conducted in order to 
assess the degree of degradation of the poly- 
mer by determining the tensile properties, 
toughness, discoloration, and variation of the 
linear dimensions of the specimens. These tests 
were carried out in sealed vessels and sub- 
jected to a temperature of 35°C for a period of 
28 days (672h) in a furnace (EN 400 from 
NUVE). The tests, standards, and equipment 
needed for each test are listed in Table 4.5. 


TABLE 4.5 Polymer Tests, Metal Tests, and Characteristics Tested in the Composites After Contact 


With Fuel Blends 
Test Standard Equipment Experimental Error 
Tensile test UNE-ISO 37:2013 INSTRON 3360 + 6.22% (stress) 
+ 7.12% (strain) 

Hardness test ASTM D2240-05 Durometer Shore A, model + 3.11% 

Macro-IRHD-2 (Hildebrand) 
Mass and size variation — Balance, model AE 200 (Mettler) and + 0.0002¢ 

a Vernier caliper + 0.01 mm 


Silver strip corrosion test ASTM D7671 


Copper strip corrosion test ASTM D130 


Thermostatic bath (Bretteville laboratory) — 


Thermostatic bath (Bretteville laboratory) — 


Acidity UNE-EN ISO 660 — + 0.02 men 
Density ASTM D4052 Densimeter DMA 48 (Anton Paar GmbH) +0.3 kg/m? 
Kinematic viscosity at —20°C ASTM D445 Ostwald-Cannon-Fenske viscometer + 0.20% 
Colour measurement DEF STAN 91-91 Colorimeter AF 650 (Lovibond) + 0.5 u.c. 
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4.2.8.2 Metals 


The compatibility test with metals is based 
on the determination of the corrosion caused 
by the fuel in contact with the metals. In an 
attempt to address the problem of corrosion, 
aircraft companies use aluminium to build the 
fuel deposits and steel covered by copper and 
silver to create a protection layer. 


e Silver strip corrosion test: A silver strip was 
completely immersed in a volume of fuel 
for 4 h at a temperature of 50°C. Then the 
strip was compared with reference strips in 
standard ASTM D7671 [36]. 

e Copper strip corrosion test: Similar to the 
previous test, the copper strips were 
immersed in a volume of fuel for 4h ata 
temperature of 50°C and compared with 
reference strips in standard ASTM D130 [37]. 


4.2.8.3 Composites 


The compatibility with these materials was 
studied via a different approach. Instead of 
measuring the changes in the composites 
caused by the immersion in the fuel samples, 
the effect of composite contact with the fuel 
was measured. The samples were immersed in 
different blends for 90 days (2160 h) at a tem- 
perature of 50°C using a furnace (EN 400 
NUVE). The fuel degradation was measured 
by analyzing the oxidation and nitration bands 
obtained after undergoing compatibility tests 
measured with FT-IR. Four samples were 
taken, the first one at the beginning of the test 
and the others every 30 days. The rest of the 
characteristics measured before and after the 
immersion are summarized in Table 4.5. 


4.3 APPLICATION AND TESTING 
OF SPECIFIC FAME BLENDS 


4.3.1 Oxidation Stability 


Stability to oxidation at the operating tem- 
peratures found in jet aircraft is an important 


performance requirement. For this measure- 
ment, the Rancimat method (EN 15751) speci- 
fied in the EN 14214 European standard for 
biodiesel was used. This method uses a tem- 
perature of 110°C for the test. In 2015, a new 
test at 120°C was approved (EN 16568), and 
this temperature is closer to the temperature of 
the JFTOT procedure, presented below. All the 
blends of babassu DFAME and fossil kero- 
senes K1 and K2 showed induction periods 
ereater than 8h, and so did the pure babassu 
DFAME. The blends of coconut DFAME and 
fossil kerosene K1 also demonstrated an induc- 
tion period greater than 8h, while the pure 
coconut DFAME was 22.6h. This agrees with 
the strongly saturated character of the FAME 
constituents of these DFAME. On the other 
hand, camelina FAME had a low induction 
period of 1.4h due to its highly unsaturated 
character, though the blends of camelina with 
fossil kerosene K1 demonstrated induction 
periods greater than 8 h. 

Although some of the tested oils (babassu, 
coconut, and palm kernel) led to methyl esters 
that could be suitable for blending with avia- 
tion kerosene, a large commercial scale would 
probably make them environmentally unsus- 
tainable [38], and therefore, different produc- 
tion alternatives (eg, via microbial processes) 
should be explored. However, publication of 
these results has stirred up a controversy over 
the use of these FAME as blend components for 
jet fuel. According to Wilson et al. [19]: ‘It is 
possible to produce FAME blends that will pass 
the standard test (they refer to ASTM D3241 
Standard Test, JFTOT procedure) but that 
would just open a new line of research to deter- 
mine if the method provides suitable results 
with such a fuel’. Of note, the aim of this book 
is precisely that — to open new lines of research 
in the field of aviation biofuels. 

On the other hand, considering that the 
Rancimat method is not an approved method 
for measuring the oxidation stability of jet 
fuels, in this test, the fuels were heated at 
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110°C (to pass the test the induction time 
should be higher than 8 h). In comparison, in 
the ASTM 3241 test FTOT procedure) the 
duration of heating at 260°C (325°C for SPK) 
is only 2.5 h. Therefore, the Rancimat temper- 
ature is lower, but the test time is almost 
four times longer. The inverse relation 
between temperature and induction time, 
together with the evidence that a lower tem- 
perature assures better reproducibility of the 
test [39], makes the Rancimat an appropriate 
test for comparing the oxidation stability of 
FAME-blended aviation fuels. Other methods 
such as the rapid small-scale oxidation 
method [40] (which is not approved for jet 
fuels either) could be another option. 


4.3.2 Fuel Metering and Aircraft Range 
4.3.2.1 Density 


This test is relevant for mass-volume relation- 
ships in most commercial transactions, and for 
the empirical assessment of the heating value, a 
low density meaning a low heating value per 
unit volume [1]. All the blends fitted within the 
limits fixed in the standard (775—840 kg/ mĉ) 
(Fig. 4.3), with a neat increase when the amount 
of DFAME increased. It is notable that the K1 
fossil kerosene showed different values with the 


825 
820 + 
815 + 





digital method and the hydrometer method, and 
that both densities converged at the same value 
(812 kg/m?) at 20% vol. of coconut and palm 
kernel DFAME. Of course, the pure DFAME did 
not meet the density standard range. Also, the 
presence of additives did not affect the densities 
of the palm kernel DFAME blends. 


4.3.2.2 Lower Heating Value 


This test provided data about the energy 
obtainable from the fuel. The performance of 
any jet aircraft depends on the availability of a 
minimum amount of energy. A reduction of 
this minimum amount of energy brings about 
an increase in fuel consumption and a reduc- 
tion of the flight distance [1]. Only the blends of 
babassu DFAME at 5% vol. with fossil kero- 
senes K1 and K2 reached the minimum value 
of 42.8 MJ/kg, and the 10% vol. blend of 
babassu with Jet A-1closely approached the 
specification with a value 42.74 MJ/kg, but not 
the pure babassu (34.93 MJ/kg) or camelina 
(37.71 MJ/kg) DFAME, nor any camelina blend 
(Tables 4.2—4.4). Any blend of fossil kerosene 
with coconut and palm kernel DFAME reached 
this minimum value of 42.8 MJ/kg, less the 
pure coconut (35.06 MJ/kg) or palm kernel 
(34.89 MJ/kg) DFAME. Only the 5% vol. blends 
closely approached the specification, with 


FIGURE 4.3 Density at 15°C of fossil 
kerosenes (K1 and K2) and blends with 
babassu DFAME (BDFAME), palm kernel 
DFAME (PDFAME), coconut DFAME 
(CDFAME), and camelina FAME 
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values higher than 42.4 MJ/kg. The lower heat- 
ing value (LHV) showed a linear relationship to 
the mass fraction of DFAME, thus assuring the 
absence of enthalpy excess in the blending. 

Tables 4.2—4.4 show the oxygen content, the 
density of energy on a volume basis, and the 
smoke point for these blends and for Jet A-1. 
The LHV, the density (d), and the energy den- 
sity (ED) for the already ASTM-approved 
renewable jet fuels are as follows: FI-SPK, 
LHV = 44.2 MJ/kg, d = 759 kg/m”, and 
ED = 33.55 GJ/m?; HEFA, LHV = 44.3 MJ/kg, 
d=770kg/m°, and ED = 34.11 GJ/m [6]. The 
LHV of these DFAME blends is lower than that 
of Jet A-1, but as their density is also higher, 
the ED (GJ/m? fuel) is always higher (or of the 
same magnitude, except for pure babassu and 
coconut DFAME) than Jet A-1. It is also higher 
than that of the biokerosenes approved by the 
ASTM, FT-SPK, and HEFA. This important fact 
could make these blends as suitable for com- 
mercial use as other biokerosenes, but with the 
additional presence of oxygen that is always 
beneficial for fuels as explained above. Since 
fuels are injected in a volumetric dosage, the 
fact that the same volume of DFAME blend 
injected produces the same amount of energy 
as Jet A-1 could overcome some drawbacks of 
these new fuels [21,23]. 

Wilson et al. [19] stated that ASTM D240 is 
not an appropriate test for measuring the LHV 
of aviation turbine fuels, and they proposed 
using ASTM D4809 instead. On the contrary, 
we believe that none of these methods are 
appropriate for oxygenated fuels. Both stan- 
dard methods, ASTM D240 and ASTM D4809, 
use the same equation to calculate the LHV: 


LHV(net, 25°C) = HHV(gross, 25°C) — 212.2H 
(4.1) 
where LHV is the net heat of combustion at 


constant pressure (LHV) in kJ/kg, HHV is the 
gross heat of combustion at constant volume 


(higher heating value) in kJ/kg, and H is the 
mass % of hydrogen in the sample. Eq. (4.1) 
was derived from simple combustion stoichi- 
ometry and considers the thermodynamic con- 
version from constant volume to constant 
pressure. However, this equation does not con- 
sider the possibility of any oxygen content in 
the fuel. A similar combustion/thermody- 
namic approach leads, in the case of oxygen- 
ated fuels, to the following equation: 


LHV(net, 25°C) = HHV(gross, 25°C) 


(4.2) 
—213.65H — 0.770 


where O is the mass % of oxygen in the fuel 
sample. Eq. (4.2) (and not Eq. (4.1)) was used 
in our previous studies [17,18]. It is clear that 
the values obtained with Eq. (4.2) are always 
lower by 20—30 kJ/kg, and therefore, they are 
more conservative than those obtained by the 
standard official method. 


4.3.3 Kinematic Viscosity 


Kinematic viscosity is a critical performance 
parameter for aviation jet fuels. The kinematic 
viscosity of jet fuel is related to pumpability at 
the operating temperature (often below 
—20°C), and also the ability to lubricate the 
pump. 

The kinematic viscosities at —20°C were 
measured for the 5, 10, and 20% vol. blends of 
coconut and palm kernel DFAME with fossil 
kerosenes [18], and are shown in Fig. 4.4. The 
kinematic viscosity of the same blends of 
camelina FAME and fossil kerosene cut K1 
were measured at 40°C and 100°C, and extrap- 
olated to —20°C according to the literature 
[41]. All the above blends showed small nonli- 
nearities with the volume fraction of DFAME 
and camelina FAME, and they all also met the 
ASTM D1655 specification (<8 mm7*/s). 
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FIGURE 4.4 Kinematic viscosity of blends of fossil kerosenes (K1 and K2) with palm kernel distilled FAME 
(PDFAME), coconut distilled FAME (CDFAME), and camelina FAME (CAMFAME). 


4.3.4 Fluidity at Low Temperature 
4.3.4.1 Freezing Point 


This property is extremely important for jet 
fuels, and should be low enough to avoid inter- 
ference with the jet fuel flow through the filters 
at the low temperatures observed at high flying 
altitudes [1]. The test used to evaluate the cold 
flow behaviour of kerosene is the manual freez- 
ing point method (ASTM D2386) [42], which 
measures the temperature of apparition of the 
first crystals, with values of —40°C for Jet A 
and —47°C for Jet A-1. The use of pure DEFAME 
was discarded because their FAME profiles 
anticipated high crystallization points. For this 
property, only the 5 and 10% vol. blends of 
palm kernel DFAME and K2 met the specifica- 
tion of Jet A-1 (—47°C). On the other hand, all 
the blends met the specification of Jet A 
(—40°C), although by a very narrow margin. 
The freezing point of the blends of palm kernel 
DFAME and fossil kerosene without additive 
K1 remained almost constant at around —43°C, 
independent of the amount of DFAME added. 
However, the freezing point of the blends of 
this same DFAME and fossil kerosene with 


additive K2 increased with the volume fraction 
of DEFAME following a linear trend in the stud- 
ied range of 0—20% vol. of DFAME (Fig. 4.5): 

From this it can be inferred that at low 
DFAME fractions, the presence of additives in 
the fossil kerosene lowered the freezing point, 
but at higher fractions (20% vol.), the presence 
of additives in the fossil kerosene did not have 
any influence. Similar trends can be found in 
the literature for the cold flow behaviour of 
blends of biodiesel and fossil diesel, although 
these authors extended their study to ranges 
from 0 to 100% biodiesel, reaching second- 
order polynomial regressions [43]. 


4.3.4.2 Cloud Point and Pour Point 


In our own experience, the freezing point 
test has low reproducibility, and the results 
depend to a great extent on the ability of the 
operator. Thus, we have checked the cold flow 
behaviour of the blends of babassu and cameli- 
na with fossil kerosene by the cloud point and 
the pour point test methods. 

The cloud point test (ASTM D2500) [44] mea- 
sured the temperature at which the solution 
became opaque to light by formation of the first 
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Cold flow behaviour: Cloud point, freezing point, pour point, and cold filter plugging point of fossil kero- 


senes (K1 and K2) and blends with babassu distilled FAME (BDFAME), palm kernel distilled FAME (PDFAME), and 


camelina FAME (CAMFAMEB). 


crystals. If it is assumed that this property is 
similar to the freezing point, only the blends 
with 5 and 10% vol. of babassu DFAME with 
Jet A-1 would meet the specification of Jet A 
fuel (—40°C), but not that of Jet A-1 (—47°C). It 
is interesting that the presence of additives in 
Jet A-1 K2 lowered the cloud point at 5 and 
10% vol. of babassu DFAME (Fig. 4.5), but at 
20% vol. of the latter, the influence of these 
additives disappeared and both blends with K1 
and K2 had the same value (—32 + 1°C). This 
same effect could be observed with the pour 
point (—32 + 1°C). For all the blends, the cloud 
point increased following a linear trend with 
the volume fraction of FAME, either derived 
from babassu or from camelina. 

The pour point test (ASTM D97) [45] mea- 
sured the temperature at which the solution 
ceased to flow, and it was usually lower than 
the cloud point. The pour point of all the 
babassu and camelina blends also showed a 
linear trend with the volume fraction of 
FAME. Similar relationships can be found in 
the literature for the cold flow behaviour of 
blends of biodiesel and fossil diesel [46]. 


4.3.4.3 Cold Filter Plugging Point 


For the blends of coconut DFAME and K1, 
the automatic cold filter plugging point (CFPP) 
method was examined, as, in our opinion, this 
is more reliable than the manual freezing point 
method. CFPP is not a specific test for jet fuels, 
but it does give an indication of the cold flow 
properties of the blends [47]. The CFPP 
revealed essentially no change in the range of 
0—20% vol. of coconut DFAME. Moreover, the 
experimental error in the CFPP measurement 
was +1°C, and the temperature interval 
between filtrations in the tester was also 1.0°C. 
Thus, the maximum difference observed of 
3.5°C in the measurement of the blends was of 
the same order of magnitude of this error. The 
automatic CFPP method was also used for the 
blends of camelina FAME and fossil kerosene 
cut K1. The CFPP was between the cloud point 
(higher) and the pour point (lower), and its 
variation was almost parallel to that of the 
cloud point (Fig. 4.5). 

Wilson et al. stated [19] that ‘only freeze 
point tests, such as ASTM D2386, D5972, or 
D7153, are acceptable tests for determining 
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| FIGURE 4.6 Freezing points of the 
Da2 blends of palm kernel distilled FAME 
(PDFAME) with fossil kerosene with- 
out additives (K1), measured after 
ASTM D2386, and using Differential 
Scanning Calorimetry. 
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conformance to ASTM D1655. The term freeze- 
point actually describes the recovery tempera- 
ture of the fuel, which is the temperature at 
which the fuel will be in the liquid phase 
regardless of how cold it has been’. 

In our opinion, this last sentence describes the 
‘melting point’ of the jet fuel, not the ‘freezing 
point’. To clarify this point, additional differen- 
tial scanning calorimetric (DSC) analyses were 
made on the palm kernel DFAME blends with 
kerosene K1, going from ambient to low temper- 
ature (—90°C) and coming back to ambient tem- 
perature. A hysteresis always appeared between 
the freezing point (temperature where the first 
crystals appear) and the melting point (tempera- 
ture where all crystals disappear and the fuel 
return to liquid phase), the freezing point always 
being lower than the melting point. 

Moreover, the freezing point was measured 
following ASTM D2386 [42] for the blends of 
palm kernel DFAME with fossil kerosene K1, 
which showed almost no change from pure K1 
to a blend with 20% vol. of biofuel (— 42 + 1°C), 
while only the pure biofuel showed a substantial 
increase to —15.3°C. This clearly indicates the 
difficulties of the measuring procedure [17,18], 
and that led us to use the cloud point [44], the 


pour point [45] and the CFPP [47] to check the 
cold flow behaviour of those blends more pre- 
cisely. On the contrary, both the DSC-measured 
freezing and melting points (Fig. 4.6) showed 
the expected linear increase with the increasing 
concentration of biofuel (with the above- 
mentioned hysteresis in between) in agreement 
with other authors [27,43,46]. 


4.3.5 Fuel Lubricity: High Frequency 
Reciprocating Rig (HFRR) Test 


Lubricity is defined as the effectiveness of 
the fuel to lubricate the sliding parts in the air- 
craft/engine fuel systems. The failure of a jet 
fuel to meet this specification could cause 
reduction in the pump flow, or worse, severe 
mechanical failure leading to in-flight engine 
shut down. The sensitivity of the aircraft parts 
to jet fuel lubricity varies with their construc- 
tion materials, and the intrinsic lubricity of the 
jet fuel varies with its composition. The gen- 
eral physico-chemical properties of the jet fuel 
renders it a poor lubricating material, aggra- 
vated by the hydrodesulfurization process 
intended for reducing the sulphur content to 
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FIGURE 4.7 Fuel lubricity of coconut 
distilled FAME (CDFAME) blends with 
fossil kerosene K1. 
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ultra-low sulphur levels, which are now 
required for all petroleum fuels [1]. Although 
the ASTM D1655 standard does not specify 
any limit for jet fuel lubricity, most modern 
aircraft fuel systems have been designed to 
operate on low lubricity fuel (wear diameter 
scar up to 0.85 mm). All the blends of coconut 
DFAME and K1 met this limit, and these 
blends also showed a synergistic effect because 
the wear scar of the 10 and 20% vol. blends 
have lower values than those of the pure com- 
ponents (Fig. 4.7). This synergistic effect was 
observed in a previous work, related to blends 
of castor oil biodiesel and fossil diesel [48]. 


4.3.6 Fuel Handling: Flash Point 


The flash point is defined as the lowest tem- 
perature at which a liquid produces enough 
vapour to ignite in the presence of a source of 
ignition, and it is one of the most significant 
properties of flammable liquids in industrial 
processes when evaluating process safety [49]. 
This test gives an indication of the maximum 
temperature for fuel shipment, storage, and 
handling without serious fire hazard. ASTM 
D1655 fixes a minimum flash point for jet fuels 
of 38°C, but military aircraft regulations estab- 
lish a higher minimum value of 60°C for JP-5 


[1]. All the blends of palm kernel or babassu 
DFAME and K2 met the ASTM D1655 specifi- 
cation, but not the JP-5 one, though neither of 
the DFAME blended with K1 met the JP-5 or 
Jet A-1 specification (Fig. 4.8). This proved that 
for DFAME concentrations below 80%, the 
flash point of blends of fossil kerosene and 
FAME were strongly influenced by the flash 
point temperature of the fossil kerosene [49]. 
In any case, the DFAME content always con- 
tributed to an increase in the flash points of 
the blends. 


4.3.7 Fuel Cleanliness and Contamination: 
Acidity and Water Content 


Water in a jet fuel onboard an aircraft repre- 
sents a threat to flight safety and can cause long- 
term problems such as wear, corrosion, and plug- 
ging of filters and other parts [1]. FAME is in 
general a highly hygroscopic material that when 
blended with fossil fuels increases the tendency 
of the latter to absorb water [48]. Thus, in the 
blends of coconut DFAME and K1, the water 
content increased with the volume fraction of 
DFAME (Tables 4.2—4.4), as was expected, 
because this water came from the ‘bio’ fraction. 
All the blends of babassu DFAME with fossil ker- 
osenes K1 and K2 met the acidity specification 
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FIGURE 4.8 Flash point of fossil kero- 
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palm kernel distilled FAME (PDFAME). 
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(acidity lower than 0.10 mg KOH/g). In the 
blends of babassu DFAME with K1 and K2 the 
water content increased with the volumetric frac- 
tion of DFAME. The observed results could not 
be correlated since the storing conditions of the 
blends were not exactly the same, but all the 
blends of babassu DFAME met the requirement 
of ASTM D2709 (max. 0.05% vol) [50]. 


4.3.8 Colour 


Colour could be a useful indicator of jet fuel 
quality. Colour changes especially should be 
investigated to determine their cause. Jet fuel 
colour ranges from colourless (water white) to 
straw/pale yellow. All the blends tested were 
clear and colourless (Tables 4.2—4.4). 


4.3.9 Fuel Gauging Performance and 
Other Performance Properties 


Aircraft fuel tanks are filled by means of 
hoses with positive displacement sensors, and 
once filled, the tanks have pressure sensors 
that give information of the mass charged in 
the tank. In both cases, the measurement 
depends on the density of the fuel, but all the 
blends described here satisfy the ASTM 


D1655 requirements for this property. During 
flight, the measurement of fuel in the tank is 
carried out by means of capacitive-type sen- 
sors that depend on the dielectric constant of 
the fuel. The scarce literature data about the 
value of the dielectric constant for blends of 
fossil diesel and biodiesel give values 
between 2.0 for diesel and 3.1 for biodiesel 
[51]. Thus, in case the performance of these 
blends could be monitored in flight, the nec- 
essary adjustment of these instruments should 
be done. 


4.3.10 Payload Range of FAME Blends 


Blakey et al. [22] recently published work 
comparing the performance of conventional Jet 
A-1 fuel with alternative fuels. In this paper, 
the most important features were the payload 
(kg) versus range (km) for three different types 
of aircrafts. The same study has been carried 
out here for all the blends of DEFAME with fos- 
sil kerosenes with and without additives, and 
a common type of aircraft, the Boeing 747 
200B. Figs. 4.9 and 4.10 show this payload (kg) 
versus range (km) study for the blends of 
babassu DFAME with K1 and K2. As can be 
seen, there is no practical difference between 
using K1 or K2 fossil kerosene. The only 
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remarkable difference was observed when 
using pure babassu DFAME, which clearly 
reduced flight range due to the LHV, and also 
the slightly better range of the pure K1 fossil 
kerosene. In this study, the most favourable 
Breguet equation model was used for the cal- 
culus, which lightly expanded the range when 
compared with other more conservative mod- 
els like Raymer and PIANO [22]. 


4.3.11 Sooting Tendency 


Paraffinic hydrocarbons offer the most desir- 
able combustion characteristics of cleanliness for 


FIGURE 4.9 Payload (kg) versus 
range (km) for the blends of babassu 
distilled FAME (BDFAME) with fossil 
kerosene K1. 
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FIGURE 4.10 Payload (kg) versus 
range (km) for the blends of babassu 
distilled FAME (BDFAME) with fossil 
kerosene K2. 
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jet fuels. On the contrary, aromatics, although 
they help avoid leakages from seal swelling, 
generally have less appropriate combustion 
characteristics for aircraft turbine fuels because 
their diffusion flames tend to produce much 
more soot [1]. 

This parameter is defined as the height in 
millimetres of the highest flame produced with- 
out smoking soot breakthrough when the fuel is 
burned in a specific test lamp. Previous studies 
[34,35] have shown that the sooting tendency of 
fuels and blends is inversely proportional to 
their smoke point. Consequently, a minimum 
value is required in jet fuel standards. All the 
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FIGURE 4.11 Smoke points of fossil kerosenes (K1 and K2) and blends with babassu distilled FAME (BDFAME), 
palm kernel distilled FAME (PDFAME), coconut distilled FAME (CDFAME), camelina FAME (CAMFAME), and lineseed 


FAME (LINFAME). 


blends of palm kernel DFAME with Jet A-1 (K2) 
met this specification (min. 25 mm), but in the 
blends with K1, only the blend with 20% vol. of 
PDFAME met the specification. For all blends, 
the smoke point varied with the volume fraction 
of DFAME (Fig. 4.11) and seemed to follow a lin- 
ear relationship, with increasing smoke points 
for higher FAME fractions. This agrees with the 
explanation given above because the saturated 
FAME were similar to the paraffinic hydrocar- 
bons but very different to the aromatic hydro- 
carbons, and the increased volume fraction of 
the FAME linearly increased the smoke point of 
the blends. 

All the blends of babassu DFAME with Jet 
A-1 (K2) met this specification. As shown in 
Fig. 4.11, none of the tested fossil kerosenes met 
the smoke specification. The commercial Jet A-1 
(named K2 here) showed a smoke point value 
close to the limit specified (SP >25 mm) and 
also similar to the smoke point of other com- 
mercial jet fuels such as JP-8, measured by 
other researchers under similar conditions [52]. 
However, kerosene K1, directly obtained from 
straight-run atmospheric distillation cut, was 
far from meeting specification, thus requiring 
significant, and therefore expensive, use of 


additives. Blending with selected and distilled 
(termed DFAME here) or non-distilled FAME is 
an effective alternative to increase the smoke 
point. The paraffinic molecular structure of sat- 
urated FAME, enhanced by the inclusion of 
two oxygen atoms per molecule, together with 
the absence of aromatic hydrocarbons, favoured 
the increase of the smoke point of fossil kero- 
sene. In fact, the blends of coconut and palm 
kernel DFAME, camelina, and linseed methyl 
esters with Jet A-1 (K2) at 10% vol. met this 
specification. Only babassu DFAME did not 
meet it, although it was close. Blends at 20% 
met the specification in all cases. In almost all 
instances, the smoke point of the blends 
increased approximately linearly with the vol- 
ume fraction of the DFAME. In the case of kero- 
sene K1, a linear extrapolation indicated that 
around 30% of most of the DEFAME would be 
enough to reach the specification limit. Based 
on the mean standard deviation (0.425 mm), the 
described trends can be considered significant. 
The inverse correlation between smoke point 
and sooting tendency of hydrocarbons was for- 
mulated by Calcote and Manos [53]. From this 
correlation, they defined the Threshold Sooting 
Index (TSI), which arbitrarily ranks the fuels 
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from 0 to 100, with 0 being the lowest sooting 
value (assigned to ethane) and 100 the highest 
(assigned to naphthalene). The use of TSI per- 
mitted the use of all the literature data to inter- 
pret molecular structure effects and predict the 
sooting tendency of fuels under internal com- 
bustion engine conditions, and especially, of jet 
fuels in turbine combustors. It was defined as 
follows: 


(4.3) 





MW; 

TSI = o( Sp ) +b 
where a and b are constants for any given 
experimental setup, MW; is the molecular 
weight of the fuel, and SP is the measured 
smoke point. The inclusion of the molecular 
weight in the TSI correlation was justified by 
Calcote and Manos [53] because an increase in 
molecular weight requires more oxygen to dif- 
fuse into the flame to consume a unit volume 
of the fuel, which translates into an increased 
flame height. However, in the case of oxygen- 
ated fuels, the molecular weight used in the 
TSI correlation is not a precise measure of 
the volumetric Air-To-Fuel ratio required 
by the flame for stoichiometric combustion. 
For a generic fuel with a mean formula 
C,H,,O,, this requirement is exactly quantified 
by n+m/4 —p/2, which is not proportional to 
MW; =12n +m + 16p, especially in the case of 
oxygenates. Based on this evidence, a new 
Oxygen Extended Sooting Index (OESI) was 
recently proposed [14]: 


m p 
n+— -5 
OESI =a’ | — 4—2 


+b 
SP 


(4.4) 


Similar to TSI, OESI permits the comparison 
of different sets of data obtained in different 
laboratories or different burners by scaling and 
adjusting the proportionality constants a’ and 
b’ of each data set. In this case, these constants 
were determined assigning the sooting index 
values proposed by Olson et al. [54] to toluene 


and iso-octane (pure reference hydrocarbons 
used for the smoke point calibration in ASTM 
D1322), and the sooting index values obtained 
by mole-fraction weighting to the blends of 
both. This mixing rule was proposed by Gill 
and Olson [35], who proved that the sooting 
tendency of blends in diffusion flames can be 
weighted proportionally to the molar fraction 
of their components. The identification of the 
TSI values proposed by Olson et al. [54] with 
the OESI values obtained here guarantees that 
the latter sooting index values remain in the 
same scale (0—100) referred to for ethane- 
naphthalene. The values finally obtained for 
the application of Eq. (4.4) were a’ = 43.588 mm 
and b’= —5.7177. 

The translation of the formerly presented 
smoke point results to sooting tendency, quan- 
tified with the OESI, leads to the results pre- 
sented in Fig. 4.12. These results are not exactly 
inversely proportional to those presented in 
Fig. 4.11 because the chemical compositions of 
the DFAME were slightly different. However, 
these results provide a quantification of the 
ability of DFAME to reduce the sooting ten- 
dency of kerosene fuels. All tested DFAME 
showed significant reductions of sooting ten- 
dency. Among them, that made from palm ker- 
nel oil was shown to be the most effective (24% 
reduction when blended with K1 at 20% vol.), 
and non-distilled methyl esters (from camelina 
and linseed oils) showed, in general, lower 
effectiveness than distilled DFAME in reducing 
sooting tendency. 

Distilled methyl esters have shorter carbon 
chains, and therefore higher oxygen fraction and 
lower carbon—carbon bond fraction, which 
more greatly contributes to the formation of soot 
nuclei than those with higher concentrations of 
carbon—hydrogen and carbon—oxygen bonds 
[14]. The latter conclusion is not observed from 
the smoke point data (Fig. 4.11), demonstrating 
that quantification through the OESI reveals 
some valuable additional information about the 
sooting tendency of the blends [15]. 
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FIGURE 4.12 Oxygen Extended Sooting Index (OESID) of fossil kerosenes (K1 and K2) and blends with babassu dis- 
tilled FAME (BDFAME), palm kernel distilled FAME (PDFAME), coconut distilled FAME (CDFAME), camelina FAME 


(CAMFAMEB), and linseed FAME (LINFAME). 


4.4 MATERIAL COMPATIBILITY 
WITH DEFAME 


4.4.1 Polymers 
4.4.1.1 Tensile Stress Test 


This test is used to determine the stress— 
strain properties of traction for vulcanized rub- 
bers, elastomers, and thermoplastics. The 
properties that can be determined are the ten- 
sile strength, the elongation at break, the effort 
at a given elongation, the elongation at a given 
effort, and the effort and elongation at yield 
point. Traction means the effort that the mate- 
rial suffers under the application of two forces 
acting in opposite directions. The tensile test of 
a material consists of subjecting a specimen of 
standardized dimensions to an increasing axial 
force tensile until the specimen breaks. During 
the test, the elongation of the specimen due to 
tensile force (F) is measured, thereby obtaining 
the chart tensile force (F) — elongation (AL). 
But in order to make comparisons between the 
test results with materials of different dimen- 
sions, we used the strain diagram (o) — defor- 
mation (e). Table 4.6 shows the tensile stress 
at maximum load (MPa) and the strain 


(elongation) at maximum load (%), and it spe- 
cifies the differences found between the poly- 
mer samples tested with Jet A-1 and 
BDFAME20 and another sample without con- 
tact with the fuel. According to this tensile test 
three important conclusions can be inferred: 


e The behaviour of the samples tested with Jet 
A-1 or BDFAME20 were similar. 

e The two polymer groups displayed different 
behaviours: the thermoplastic polymers 
(PVC, PP, and PE), after contact with the 
fuel, tended to increase the strain at 
maximum load, and the elastomeric 
polymers (SBR and VITON) had the 
opposite effect. This means that elastomers 
allowed the inclusion of fuel molecules 
between polymeric chains, thus lowering 
the strain, but thermoplastics did not. 

e The most affected parameter was the 
deformation on strain. For example, in the 
case of VITON, it was reduced nearly 43%, 
while the PVC sample reached an increase of 
50.6%. Although VITON has been designed 
to resist most chemicals, the fuel molecules 
ereatly reduced its strain, whereas the 
chlorine presence in PVC enhanced this 
property after fuel immersion. 
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TABLE 4.6 Results of the Tensile Test 


Jet A-1 BDFAME20 

Difference? Difference? 
Standard UNE-ISO 37:2013 A (%) A (%) 
PVC 
Stress at maximum load (MPa) 12.78 2.80 — 16.50 -3.61 
Strain at maximum load (%) 1.68 50.60 1.68 50.60 
PP 
Stress at maximum load (MPa) — 31.20 — 9.63 — 40.76 — 12.58 
Strain at maximum load (%) 0.84 12.54 1.67 25.08 
PE 
Stress at maximum load (MPa) mae eo — 21.01 — 95.29 — 26.58 
Strain at maximum load (%) 3.34 50.15 6.67 100.15 
SBR 
Stress at maximum load (MPa) — 1.16 =12.75 — 0.44 — 4.86 
Strain at maximum load (%) — 18.34 — 8.94 — 15.00 =o 
VITON 
Stress at maximum load (MPa) 0.46 11.39% — 0.02 — 0.50% 
Strain at maximum load (%) — 35.01 — 42.86 — 26.67 — 32.66 


“Difference between the samples without and within immersion in the fuel. 


4.4.1.2 Hardness Test 


This test method permits hardness measure- 
ments based on initial indentation, indentation 
after a specified period of time, or both. The 
method is based on the penetration of a 
specific type of indentor when forced into the 
material under specified conditions. 
The indentation hardness is inversely related 
to the penetration and is dependent on the 
elastic modulus and viscoelastic behaviour of 
the material. The geometry of the indentor 
and the applied force influence the measure- 
ments such that no simple relationship exists 
between the measurements obtained with one 
type of durometer and those obtained with 


another type of durometer or other instru- 
ments used for measuring hardness. No sim- 
ple relationship exists between indentation 
hardness determined by this test method and 
any fundamental property of the material 
tested. Table 4.7 summarizes the results of the 
hardness test: 


e The thermoplastic polymers showed higher 
hardness than the elastomeric polymers. 

e While samples tested with BDFAME20 
always showed a change less than 2%, 
samples of PP and VITON tested with Jet A-1 
had greater changes. The biggest change was 
found in the case of VITON, which showed 
an increase of hardness of 10.88%. 
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TABLE 4.7 Results of the Hardness Test 


Jet A-1 Difference BDFAME20 Difference 

Before After A (%) Before After A (%) 
PVC 
Hardness 98.16 98.22 0.06 0.06 98.16 98.42 0.26 0.26 
PP 
Hardness 98.06 95.57 = 2.49 = 704 98.06 98.58 0.52 0.53 
PE 
Hardness 98.52 98.54 0.02 0.02 98.52 97.76 — 0.76 — 0.77 
SBR 
Hardness 78.76 78.91 0.15 0.19 78.76 77.54 1,22 = 1.55 
VITON 
Hardness 81.31 90.16 8.85 10.88 81.31 82.56 1.25 1.54 


e Although the performance of the samples 
showed no important changes in the 
hardness, comparing the behaviour between 
samples tested with Jet A-1 and samples 
tested with BDFAME20, remarkable 
differences were observed. PP has a chemical 
structure based in hydrocarbons like Jet A-1, 
but the ester structure of BDFAME20 
affected it in a different way. The PP sample 
tested with Jet A-1 reduced its hardness, 
while the one tested with BDFAME20 
increased it. In the case of the PE and SBR 
samples, the opposite happened. An increase 
of the hardness was observed in the test with 
Jet A-1, while the samples in BDFAME20 
reduced its hardness. 


4.4.1.3 Dimensional Linear Variation 


The thermoplastic polymers PVC, PP, and 
PE did not show any change in size during the 
tests, irrespective of the fuel used (see 
Table 4.8).A remarkable difference between 
SBR and VITON was observed, with the width 
of the VITON increasing by 11.47% compared 
to the Jet A-1 test. The dimensional reduction 


that occurred in the test with SBR in Jet A-1 
was not observed in the testing of VITON, 
which increased both in length and thickness. 
In relation to the behaviour between samples 
tested with Jet A-1 and BDFAME20, no signifi- 
cant changes were found. 


4.4.1.4 Mass Variation 


Similarly, the thermoplastic polymers PVC, 
PP, and PE did not show any mass variation 
during the tests. Related to the elastomeric 
polymers, a major mass increase was observed 
during the tests with VITON and Jet A-1 and 
BDFAME20 reaching 18.16% and 25.82%, 
respectively (Table 4.9). This happened by 
absorption of the fuel during the test and was 
higher in the case of BDFAME20. 


4.4.1.5 Solubility of Elastomers in the Fuels 


The Hansen solubility parameters (HSP) are 
physicochemical parameters, and are widely 
used to estimate the type of interactive forces 
responsible for compatibility between materi- 
als. The basis of the HSP is the assumption 
that the cohesive energy (E) might be divided 
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TABLE 4.8 Results of the Dimensional Linear Variation Test 


Jet A-1 Difference BDFAME20 Difference 
Before After A (mm) (%) Before After A (mm) (%) 
SBR 
L° (mm) 74.46 74.32 —0.14 —0.19 74.62 74.86 0.24 0.32 
HW? (mm) 12.22 12.12 —0.10 —0.82 12.17 12.18 0.01 0.08 
LW“ (mm) 3.85 O72 —0.14 —3.51 3.79 3.72 —0.08 —1.98 
T? (mm) 1.83 1.83 0.00 0.00 1.91 1.95 0.04 2.09 
VITON 
L* (mm) 74.67 82.59 7.93 10.61 74.58 84.63 10.05 13.47 
HW” (mm) 12.29 13.70 1.41 11.47 1239 13.94 1.55 12.51 
LW“ (mm) 3.81 4.13 0.32 8.41 3.83 3.96 0.13 3.26 
T? (mm) 2.00 2.16 0.16 775 2.00 2.18 0.18 8.75 
"L, Length. 
"HW, Higher Width. 
“LW, Lower Width. 
“T, Thickness. 
TABLE 4.9 Results of the Mass Variation Test 
Jet A-1 Difference BDFAME20 Difference 
Before After A (g) (%) Before After A (g) (%) 
SBR 
Mass (g) 2.26 2.12 — 0.04 — 1.89 2,33 2.34 0.01 0.56 
VITON 
Mass (g) 2.00 2.36 0.36 18.16 2.01 2,00 0.52 25.82 
into three parts corresponding to atomic dis- E=Eqg + Ey + Ey (4. 5) 
persion (E4), molecular dipolar interactions 2 = 624 2492 ae 
(E,), and hydrogen-bonding interactions (E}). og Oy ee 


Similarly, the total solubility parameter can be 
divided into three components corresponding 
to the above-mentioned different types of 
molecular interactions: dispersion (6g), polar 
(6,), and hydrogen-bonding (6;,) [55]. 


For elastomers, fuel compatibility is esti- 
mated by the difference of solubility between 
the elastomer and the fuel. In practice, the 
extent of compatibility is measured by the vol- 
ume swelling of the elastomer [56]. 
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TABLE 4.10 Aé Values for the Elastomers Immersed in Jet A-1 and BDFAME20 


Materials dq 

Elastomers SBR 16.60 
Viton 15.38 

Fuels BDFAME 15.96 
Jet-Al 16.53 
BDFAME20 16.40 


The mean HSP of the FAME are the average 
values obtained from those of the individual 
FAME by the van Krevelen and Stefanis- 
Panyiotou methods [57]. The solubility para- 
meters for SBR are 6;=16.6, 6,=0.5, and 
6, =0.0, according to Guo et al.’s work [58], 
and those for VITON are 64 = 15.38, 6, = 10.49, 
and ô, = 2.47, according to Evans and Hardy’s 
work [59]. According to reference [57], polarity 
(6,) and hydrogen-bonding forces (6;,) decrease 
with carbon chain length for saturated methyl 
ester, while dispersion (ô4) is almost the same. 
Meanwhile, dispersion (6,), polarity (6,), and 
hydrogen-bonding forces (ô„) of unsaturated 
esters (C18:1) are relatively higher than their 
saturated counterparts (C18:0). The HSP of 
DFAME and blends of DFAME and Jet A-1 
could be calculated for the three solubility 
components with Eq. (4.7): 

x = A jXjOx (4. 7) 
where x; is the weight fraction of each compo- 
nent present in DFAME or the blend. The dif- 
ference between the solubility parameter of 
fuel (F) and elastomer (E) could then be deter- 
mined using the Aéfactor [57]: 





(Sar — aE) + (Spr — pE) + (ne — one)” 
(4. 8) 


dp oh Abyet-a1 Aé BDFAME20 
0.50 0.00 0.43 1.50 

10.49 2.47 10.47 9.90 

a1 5.48 — — 

0.30 0.37 = z 

0.69 1.48 — — 


where ô;p is the solubility parameter for the 
fuel and ô;g is the solubility parameter for the 
elastomer. For compatibility between fuel and 
elastomer, the difference between the solubility 
parameters should be small. The calculation 
results of Aé for SBR and VITON immersed in 
Jet A-1 and BDFAME20 are summarized in 
Table 4.10. It could be offered as an explana- 
tion of the much larger dimensional swell of 
VITON as compared to SBR, as observed in 
Tables 4.8 and 4.9. 


4.4.2 Metals 


A positive result for this test (ASTM D130) 
indicates that the jet fuel will not corrode cop- 
per or copper-based alloys in the different 
parts of the fuel system and turbine [1]. All the 
blends of palm kernel DFAME with K1 and K2 
passed this test with the highest value (1a). 
Most of the blends of babassu DFAME with 
K1 and K2 passed this test with the highest 
value (la). Only the 10% and 20% vol. blends 
of babassu with fossil kerosene cut K1 show 
values of 1b (Tables 4.2—4.4). 

In the silver strip corrosion test every sample 
was given a level of ‘0’ according to the scale of 
the standard ASTM D7671. In accordance with 
the results obtained in the tests it can be said 
that both metals, silver and copper, show a per- 
fect compatibility with the DFAME blends. 
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TABLE 4.11 Results of the Acidity, Density, and Viscosity Tests 


Before After Difference 
Acidity TAN®* (mg KOH/g) TAN®* (mg KOH/g) A (mg KOH/g) 
Jet A-1 0.01 0.06 0.05 
CDFAME20 0.02 0 — 0.02 
BDFAME20 0.03 0 — 0.03 
PDFAME20 0.01 0.05 0.04 
Before After Difference 
Density Density (kg/m”) Density (kg/m’) A (kg/m’) (%) 
Jet A-1 788.4 788.5 0.1 0.01 
CDFAME20 812 814.5 20 0.31 
BDFAME20 814.9 814.7 0.2 — 0.02 
PDFAME20 811.8 814.8 3.0 0.37 
Before After Difference 


Kinematic Viscosity at —20°C 


Jet A-1 1.03 
CDFAME20 1.19 
BDFAME20 1.32 
PDFAME20 1.27 


“TAN, Total acid number. 


4.4.3 Composites 


The results of the acidity, density, and vis- 
cosity tests are shown in Table 4.11. 
Regarding the acidity, no sample exceeded 
the maximum given by the standard ASTM 
D1665, which is 0.1 mg KOH /g. It is remark- 
able that the acidity even decreased when the 
composite was submerged in CDFAME20 and 
BDFAME20. The density was also in the range 
of the standard, which was 775—840 kg/ m°, 
and all the samples had more density than 
the Jet A-1. This is usually the case with 
FAME. 


Viscosity (mm/7/s) 


Viscosity (mm7/s) A (mm/’/s) (%) 


1.07 0.04 4.01 
1.38 0.19 15.75 
1.32 0.00 — 0.13 
1.39 0.12 9.11 


Values of kinematic viscosity showed slight 
changes after the test, and all of them were far 
below the maximum given by the standard 
ASTM D1655 (8 mm?/s). As for the colour test, 
the results showed no change from the initial 
values, demonstrating that there was no fuel 
degradation during testing. In addition, all 
samples met the standard for aviation fuel 
DEF STAN 91-91, which requires the kerosene 
used in aviation to be clear and colourless. 
Through FT-IR testing, the oxidation and nitra- 
tion bands were measured to study the degra- 
dation of the composites, but spectra did not 
show any trace of oxidation compounds [26]. 
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4.5 CONCLUSIONS 


Coconut and palm kernel oils were transes- 
terified with methanol by the classical homoge- 
neous base catalysis method with good yields. 
The FAME was subjected to fractional distilla- 
tion at vacuum, and the low boiling point frac- 
tions were blended with two types of fossil 
kerosene, a straight-run atmospheric distillation 
cut (hydrotreated, K1), and commercial Jet A-1 
(K2). The blends of palm kernel DFAME and Jet 
A-1 met some specifications selected for study 
of the ASTM D1655 standard — smoke point, 
density, flash point, viscosity at —20°C, and 
freezing point — but did not comply with the 
LHV by a narrow margin (—0.16 MJ/kg for 5% 
vol. and —0.52 MJ/kg for 10% vol. of PDFAME). 
On the other hand, the blends of fossil kerosene 
K1 and palm kernel DFAME only met the den- 
sity parameter. The blends of coconut DFAME 
and K1 met the following specifications: density, 
viscosity at —20°C, and lubricity. It was espe- 
cially noticeable that all the blends of 5% vol. of 
DFAME and fossil kerosenes K1 and K2 did not 
meet the LHV by a narrow margin of less than 
1.0 MJ/kg. 

Babassu and camelina oils were also trans- 
esterified with methanol by the classical basic 
homogeneous catalytic method. The babassu 
FAME was distilled at vacuum and the major 
low boiling point fraction (babassu DFAME) 
was blended with the two types of fossil kero- 
sene, fossil kerosene cut, and Jet A-1. The 
blends of babassu DFAME with fossil kerosene 
Jet A-1 met the following ASTM D1655 specifi- 
cations: colour, acidity, density, LHV (5% and 
10% vol. blends), flash point, cloud point (not 
included in the standard), copper strip corro- 
sion, oxidation stability, and smoke point. The 
blends of babassu DFAME and fossil kerosene 
cut K1 met the following specifications of the 
ASTM D1655 standard: colour, acidity, density, 
copper strip corrosion, oxidation stability, and 


LHV (only the 5% vol. blend). The camelina 
FAME was blended with fossil kerosene cut 
K1, avoiding the previous distillation step, and 
these blends were shown to meet the following 
specifications of the ASTM D1655 standard: 
colour, density, viscosity at —20°C, and oxida- 
tive stability. 

DFAME produced from transesterification 
and distillation favoured the reduction in soot 
emissions (and thus particulate emissions) as a 
consequence of the presence of molecular oxy- 
gen. This fact should be considered, in addi- 
tion to other benefits and drawbacks studied 
previously, when comparing this type of 
DFAME with other renewable options, such as 
HEFA. The sooting tendency was quantified in 
this work with an OESI, based on smoke point 
measurements. Among the tested FAME 
(derived from babassu, camelina, coconut, lin- 
seed, and palm kernel oils), OESI results have 
shown that the DFAME made from palm ker- 
nel oil was the most effective one, and 
non-distilled methyl esters (from camelina 
and linseed oils) showed lower effectiveness 
than distilled DEFAME to reduce soot tendency. 
This conclusion was not evident when smoke 
point results were directly observed, demon- 
strating that the quantification through the 
OESI revealed additional information about 
sooting tendency. 

After studying material compatibility, there 
was no different performance of the materials 
using Jet A-1 than using the blends studied. In 
addition there was a clear distinction between 
how the polymer responded to a test depend- 
ing on whether it was an elastomer or a ther- 
moplastic polymer. Moreover, VITON was the 
material with a bigger change in its properties 
once it was mixed with the fuel. Regarding the 
metals, both silver and copper showed no cor- 
rosion after the tests, and all the tests done 
with the composites had results according to 
their standard. Therefore, all the DFAME 
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samples evaluated showed a good compatibil- 
ity with the materials used: polymers, metals, 
or composites. 

Previous publications from the authors of 
this chapter have aroused some controversy 
over the use of FAME as blending components 
with fossil kerosenes. Many of the arguments 
given are based on the evidence that the meth- 
ods used in the previous works are not 
approved for jet fuels in the standard methods. 
The authors of the criticism conclude that the 
use of FAME in any amount is, thus, inappro- 
priate, therefore discouraging any research in 
this field and any revision of the standard 
methods. However, some of the standard 
methods are not updated for the consideration 
of oxygenated components. This is the case for 
LHVs, for which an equation that does not 
consider the possibility of any oxygen content 
in the fuel is still used. Other methods have 
been shown to have low accuracy, such as the 
methods for measuring the freezing point, and 
some alternative methods, such as the CFPP or 
DSC for cold flow properties, or Rancimat, for 
oxidation stability of oil-derived kerosenes, 
may provide better reproducibility, at least in 
the case of oxygenated fuels. 
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5.1 INTRODUCTION 


Lipids are long-chain organic compounds 
predominantly consisting of carbon, hydrogen, 
and oxygen linkages, classified mainly as 
elycerides (triglycerides, diglycerides, mono- 
elycerides), free fatty acids, and their deriva- 
tives, including phospholipids. These are 
naturally occurring, and as these compounds 
are produced by living organisms through 
their own metabolism, are one of the most 
abundant usable sources of renewable carbon. 

Biofuels can be produced by processing 
lipids by various routes, including transesteri- 
fication [1—4], hydrothermal [4,5] reactions, or 
hydroprocessing [1—4]. All routes have their 
own limitations and advantages, and in time, 
with technological developments, the most 
economical and sustainable route to drop-in 
biofuel production by lipid processing will 
prevail [2,3,6—13]. 

All over the globe, researchers have hydro- 
processed various sources of lipids such as soy- 
bean oil [14—16], sunflower oil [17—20], palm oil 
[21,22], rapeseed oil [23—25], castor oil [26,27], 
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tall oil [28], jatropha oil [8,11,29—37], pomace 
oil [38], and fresh and waste cooking oil 
[9,39—42] either directly or by co-processing 
[8,14,18,19,22,25,35,43,44] with gas oil 
[7—9,11,13,14,18—20,24,25,28—30, 39—41,45]. To 
understand the reaction mechanisms and inter- 
mediate compounds for lipid hydroprocessing, 
researchers have studied model compounds 
such as tristerian (glycerol tristearate Cis) [46], 
triolean (glucerol trioleate Cig) [46], tricaprylin 
(octanoic acid triglyceride Cg) [47], caprylic acid 
(octanoic acid Cg) [47], stearic acid [48,49], and 
oleic acid [5051] — as well as actual 
feedstocks such as Jatropha — over different cat- 
alysts in hydrogen and inert atmospheres 
[31—33,45,47—50,52]. Fixed-bed as well as batch 
reactors and semi-batch reactors have been 
explored for performing these reactions. Both 
mono-functional [28,30,47] and bi-functional 
[8,14,29,31,32] catalysts have been utilized, 
depending on target reactions, such as 
hydrotreatment or hydrocracking reactions. 
Hydrotreatment targets only removal of 
hetroelements in hydrocarbons such as ʻO, N, S’ 
and require a catalyst with hydrogenation 
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functionality such as Pd, Pt, Pt-Re, or sulfided 
NiW, NiMo, CoMo supported over a nonacidic 
support like +y-Al,O3 or activated carbon 
(11,13,20,28,30,46]. Hydrocracking reactions tar- 
get production of a wide range of hydrocarbon 
distillates and require bi-functional catalysts 
with hydrogenation functionality along with 
acidic functionality incorporated onto supports 
such as zeolites, silica-alumina, silico- 
aluminophosphates, titanosilicates, etc. [8,14,29]. 
These bi-functional catalysts perform hydro- 
genation/dehydrogenation, cracking, isomeriza- 
tion, cyclization, and aromatization reactions 
during lipid hydroprocessing. 

Lipids are mostly comprised of triglyceride 
molecules, which are bulky in size, and these 
molecules need to access the active sites on the 
catalyst surface through its porous structure. 
Moreover, lipids on hydrotreatment produce 
water, which highlights other important crite- 
ria for catalyst selection (ie, hydrothermal sta- 
bility). The catalyst’s activity, stability, life, and 
regenerability are the four most important cri- 
teria for catalyst preparation and selection. 
Researchers have modified the conventional 
catalyst properties and have also developed 
new nonconventional catalysts for hydropro- 
cessing reactions. To achieve the desired prop- 
erties, variations in the composition of catalyst 
supports have been studied as have changes in 
active metal composition, metal loading, use of 
different kinds of active metals, and additives, 
etc. [53—55]. Apart from conventional hydropro- 
cessing catalyst supports, many materials such 
as clays [56], carbon [11,13,20,28,30,46,57,58], oxi- 
des [59—62] like SiO2, MgO, ZrO», TiO., and 
mixed oxide derivatives, such as TiO—ZrO,, 
TiO,—Al,O3, SiO2—TiO, [57,63—69], zeolites like 
Na—Y, USY, HY, SAPO [27,34,70—72], mesopor- 
ous materials like MCM-41 [73—77], HMS [78], 
SBA-15 [79,80], and nano-hydroxyapatite [37] 
have been researched as support materials. 
Mesoporous aluminosilicate MCM-41 with a 
combination of large surface area, uniform 
pore size distribution, and mild acidity and 


high stability have been reported to have 
increased hydrodesulfurization (HDS), hydro- 
denitrogenation (HDN), and hydrocracking 
performance over conventional alumina- and 
zeolite-based catalysts [78]. TiQ.—ZrO,-, 
TiO,—Al,03-, and SiO,—TiO»-supported cata- 
lysts have all shown synergetic effects with 
increased activity and stability. A unique char- 
acteristic of mesoporous materials is the three- 
dimensional structure with increased surface 
areas and porosities combined with higher 
thermal stability. As such, they have been 
studied for hydroprocessing reactions and for 
lipid hydroprocessing [23,27,29,30,32,37]. 

Kinetics and pathways for various reactions 
occurring during lipid hydroprocessing have 
been studied, as well as the extent of their 
effects on the yields of various biofuel compo- 
nents. Major reactions occurring during lipid 
hydroprocessing are hydrocracking and hydroi- 
somerization reactions, with simultaneous 
depropanation (C3Hg elimination) and hydro- 
deoxygenation (H2O elimination), decarboxyl- 
ation (CO, elimination), and decarbonylation 
(CO elimination) reactions [8,14,19,29,31—33, 
45,52,80]. The above-mentioned primary reac- 
tions are also accompanied by unavoidable gas 
phase and side reactions, such as water gas 
shift, methanation, oligomerization, cyclization, 
and aromatization, which have also been stud- 
ied. Conditions for minimization of these 
reactions have been reported in the literature 
[31—33,45,51,52]. 

This chapter describes academic and tech- 
nological advances for the processing of lipids 
obtained from various sources via hydropro- 
cessing routes to produce biofuels suitable for 
aviation. The effects of different catalytic 
systems, operating parameters, reaction path- 
ways, and kinetics involved in the hydropro- 
cessing of lipids are also described. A path 
forward for the commercial realization of a 
future aviation biofuel industry via hydropro- 
cessing of lipids is described at the end of the 
chapter. 
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5.2 EFFECT OF CATALYSTS ON 
LIPID HYDROPROCESSING 


5.2.1 Composition of Lipids and Their 
Effects 


Lipids from various vegetable oils are com- 
prised of triglycerides formed from fatty acids 
(Table 5.1) ranging from C44 to Cz carbons. 
These oils have high viscosities that range 
between 49 cP for sunflower oil to 970 cP for 
castor oil, with boiling ranges >350°C and 
densities of around 0.88—0.96 g/mL. Having 
high viscosities and densities, along with 


voluminous structure, selective hydroproces- 
sing of these lipid triglyceride molecules to 
particular products is challenging. The process 
parameters, reactor type, and catalyst proper- 
ties need to be tailored for maximization of the 
yield of the desired product and for harnessing 
the potential of these renewable oils. 

In addition, the chemical composition, along 
with the degree of unsaturation available in 
these lipids, plays a crucial role in deciding the 
nature of reactions during lipid hydroproces- 
sing. If renewable diesel range is the targeted 
product, then lipids from corn, soybean, sun- 
flower, camelina, jatropha, castor, rice bran, 


TABLE 5.1 Fatty Acid Composition of Lipids From Various Sources 


Fatty Acid (wt%) [5,31,81] 


Fatty Acid Myristic Palmitic Palmitoleic Stearic 
Crop Oil 14:00 16:00 16:01 18:00 
Corn 12.2 0.1 2.2 
Peanut 0.1 11.6 0.2 ol 
Soybean 0.1 11 4 
Sunflower 0.2 6.8 0.1 4.7 
Camelina? 7.8 3 
Jatropha 19.5 79 
Palm 0.9—1.5 39.2—45.8 0.0—0.4 3.7—5.4 
Castor” 1 1 
Rapeseed 4.3 L7 63.7 15.4 
Algal 51 2 

Olive 0.1—1.2 7—16 1—3 
Rice bran 0.4—1 12—18 0.2—0.4 1—3 
Sesame 7—9 4—5 
Neem 0.2—2.6 13.6—16.2 14.4—24 
Karanj 3.7—7.9 2.4—8.9 
Mahua 20—25 20—25 
Sal 4.5—8.6 34.2—44.2 


“12% C20:1 and 2.8% C22:1. 


°89.5% Ricinoleic acid (C1sH3403). 


Oleic Linoleic Linolenic Archidic Behenic 
18:01 18:02 18:03 20:00 22:00 
275 57 0.9 0.1 

46.5 31.4 1.5 3 

23.4 53.2 7.8 0.3 0.1 
18.6 68.2 0.5 0.4 

16.8 23.1 31.2 

45.4 27.3 

37.4—44.1 8.7—12.5 0.0—0.6 0.0—0.5 

3 4.2 0.3 0.3 

14.3 

39 7 

65—80 4.0—10.0 0.1—0.3 

40—50 29—42 0.5—1 

40—50 35—45 0.4—1 

49—62 2.3—15.8 0.8—3.4 4.2—5.3 
44.5—71.3 10.8—18.3 2.2—4.7 

41—51 10—14 0—3.3 

41.4—42.2 2-3 6.3—12.2 
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and lipids from some indigenous trees (neem, 
karanj, mahua, sal) containing increased per- 
centages of Cig range acids (Table 5.1), would 
undergo hydrodeoxygenation and isomeriza- 
tion reactions. Alternatively, cracking, isomeri- 
zation, and hydrodeoxygenation reactions 
would be targeted for obtaining aviation kero- 
sene from these feedstocks. Lipids comprised 
of more C46 and lower-range fatty acids such as 
palm, algal, or coconut oil would give increased 
yield of Cy2—C;5 hydrocarbons in the aviation 
kerosene range under less severe conditions by 
mild cracking along with deoxygenation reac- 
tions. The feedstock’s properties and desired 
products determine the catalyst properties, 
such as acidity, hydrogenation/dehydrogena- 
tion ability, and morphological properties. 

The presence of unsaturation in lipids favours 
the formation of reaction intermediates that pro- 
mote cyclization, aromatization, and isomeriza- 
tion reactions along with cracking. An increased 
amount of single unsaturation (oleic and palmi- 
toleic) in jatropha, algal, rapeseed, and olive oils 
promotes cyclization and aromatization reac- 
tions in the presence of a suitable catalyst and 
processing conditions. Fatty acids with two and 
three double bonds (linoleic and linolenic acid) 
in soybean, sunflower, jatropha, and camelina 
promote oligomeric reactions along with aroma- 
tization, cyclization, isomerization, and cracking 
reactions, leading to products comprised of 
greater carbon numbers than those present in 
the fatty acid feedstock. Researchers have 
reported that the occurrence of oligomerization, 
cyclization, and aromatization reactions over 
these lipid sources, and production of cyclics 
and aromatics during the hydroprocessing reac- 
tions, reduces the overall hydrogen requirement 
and provides an economic advantage [33,34,82]. 


5.2.2 Lipid Hydroprocessing Over 
Various Catalytic Systems 


In the literature, researchers have reported 
lipid hydroprocessing over various catalytic 


systems, and have classified the liquid pro- 
ducts either based on the carbon number dis- 
tribution (<Cg as naphtha, Co—Ci5 as 
kerosene, >C 5 as diesel) or fractional cut 
ranges obtained by simulated distillation (IBP- 
135°C as naphtha, 135—260°C as kerosene, 260- 
FBP as diesel). Lipids from various sources 
have been processed either directly or co- 
processed after mixing with gas oil or other 
hydrocarbon streams from the refinery. The 
following section describes more about lipid 
co-processing and direct processing over vari- 
ous catalytic systems and under different oper- 
ating conditions. 


5.2.2.1 Co-Processing Lipids With Refinery 
Streams 


Lipids have been co-processed with refin- 
ery streams of mainly gas oil (both light and 
heavy) so that the process of production can 
be carried out in the existing refinery infra- 
structure and additional capital costs 
avoided. Researchers have co-processed jatro- 
pha [8], soybean [14,43], sunflower [18,19], 
waste cooking oil [44], and rapeseed oil [25] 
under hydrotreating conditions and over a 
nonacidic sulfided metal-based catalyst sys- 
tem, Ni-Mo/AI,O3. Very few studies have 
been done on the co-processing of lipids with 
gas oil (heavy and vacuum) over hydrocrack- 
ing catalysts [18,43]. Table 5.2a details lipid 
co-processing (10—30% lipid in gas oil) at 
350°C and 370°C temperatures, 50 bar H3 
pressure, and 1—5h'! space velocity over 
hydrotreating catalyst. Table 5.2b describes 
lipid co-processing over hydrocracking cata- 
lysts. The main aim of these hydrotreating 
studies was to evaluate the extent of conver- 
sion and selectivity for competing deoxygen- 
ation and desulfurization reactions; whereas 
over hydrocracking catalysts, the objective 
was to maximize the yield of middle distil- 
lates of aviation kerosene. 

Oxygen present in the lipids is similar to het- 
eroatoms (such as sulfur) in fractionated 
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TABLE 5.2 Yield of Different Products Obtained by Co-processing of Lipids From Various Sources With Refinery 
Gas Oil Over (a) Hydrotreating, and (b) Hydrocracking Catalysts 


a. Ni-Mo/A1,0; Catalyst at 50 bar Pressure 


350°C (10—15% Lipid) 


370°C (20-30% Lipid) 


Jatropha Soybean? Sunflower Rapeseed Cooking Soybean? Sunflower Rapeseed? Cooking 
Feed (Space (2h') (4h"’) (5.2 h7’) (2h75 (1h) (2 h7» (5.2 h» (2 h7’ (1 h7} 
Velocity) [8] [34,43] [19] [25] [44] [14,43] [19] [25] [44] 
Naphtha 0 0 0.09 0 0 0 2 0 1 
(IBP-150) 
Kerosene 9 5 0.05 32.4 5 4.5 1 34.4 8 
(150—250) 
Diesel 91 95 99.86 67.6 95 95.5 97 65.6 91 
(250-FBP) 
HDS % 96 89 34 92% 48 96% 
Ci7/Cig 1.6 0.49 0.75 0.9 
C15/C16 1.15 0.5 1 0.75 
CO 0.08 0.66 
CO, 0.025 0.07 
Density, g/cc 0.839 0.846 0.835 0.8508 0.831 0.84 


b. Hydrocracking Catalyst at 1000—1500 NI/L H, per Feed Ratio 


Feed [Reference] Soybean’ [43] 


% Lipid 25 
Naphtha (IBP-150) 0 

Kerosene (150—250) 35 
Diesel (250-FBP) 65 
HDS% 84 
Ci7/Cig 1.6 
C15/C16 LS 


Density, g/cc 


2380°C. 
"370°C, 2 h”. 
350°C, 1.5 W. 


products from crude oil sources. These hetero- 
atoms need to be removed before further 
processing or utilization of products in 
any downstream processes. Deoxygenation 
reactions such as hydrodeoxygenation (—H,O), 


Sunflower“ [18] Soybean” [43] 


30 40 

10 0 

26 30 

64 70 
1.58 
1.48 

0.769 0.818 


decarboxylation (—CO,), and decarbonylation 
(—CO) reactions compete with hydrodesulfuri- 
zation (—H,S) reactions for active sites. It was 
anticipated that a negative effect of these renew- 
able feedstocks on the catalyst and extent of 
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desulfurization reaction would be observed. 
However, Kumar et al. [8] demonstrated that co- 
processing lipid sources (jatropha oil) increased 
the percentage hydrodesulfurization (%HDS) 
achieved compared to that achieved when pro- 
cessing gas-oil separately. Bezergianni et al. [44] 
and Huber et al. [19] also demonstrated that on 
increasing the percentage of lipid (cooking and 
sunflower oil, respectively) in gas oil, the % HDS 
achieved was increased (Table 5.2). High %HDS 
was observed for jatropha (96%) and soybean 
(89%) oils, whereas only 34% was observed in 
the case of sunflower oil, which may be attrib- 
uted to operation at low severity — that is, at 
high space velocities (5.2h ') as compared to 
other co-processed lipids (Table 5.2). 

Renewable diesel range (250-FBP) products 
were mainly produced during co-processing 
reactions because cracking reactions were kept 
to a minimum — only hydrotreatment reac- 
tions were targeted (Table 5.2a). High through- 
puts with operation at 4 and 5h" space 
velocity for co-processing of soybean [14,43] 
and sunflower [6] oils have been reported, 
respectively. In comparison, waste cooking 
[44], rapeseed [25], and jatropha [1] oils have 
been co-processed at lower space velocities of 
1—2h~'. An increase in the kerosene range 
(150—250°C) products was observed for these 
lipid sources at lower space velocity (1—2 h~’) 
due to milder cracking reactions. Rapeseed oil 
instead showed 32% yield of kerosene range 
fractions, which were mainly due to co- 
processing with a light gas oil mixture that 
contained 28% kerosene range in the feed itself 
(Table 5.2a). Overall <10% kerosene range 
products could be obtained at both 350°C and 
370°C. Upon increasing the percent of lipid 
fraction in gas oil (Table 5.2), there was a mar- 
ginal increase in cracked products yield (naph- 
tha and kerosene), which may be attributed to 
the increased acidity of the reaction media due 
to the increased formation of acidic intermedi- 
ates at high lipid concentrations and higher 
temperatures. 


Unlike Ni-Mo/AI1,O3 (low-acidity) catalysts, 
hydroprocessing of lipids from soybean and 
sunflower sources over hydrocracking catalyst 
gave high yields of desirable kerosene range 
hydrocarbons (25-35% yield) at 370°C and 
2h! space velocity (Table 5.2b). As a conse- 
quence, lower diesel yield was obtained due to 
cracking of these diesel range hydrocarbons 
into lower-range distillates. 

The ratios of decarboxylation and decarbo- 
nylation (carbon rejection) reactions to hydro- 
deoxygenation (hydrogen addition) reactions 
(Cy7/ Cig and Cis5/Ci6) have also been reported 
(Table 5.2), which indicates an increase in car- 
bon rejection reactions at higher temperatures 
(370°C) as compared to lower temperatures 
(350°C) for sunflower oil at 5h’ [19]. A large 
increase in the concentration of carbon monox- 
ide (eight times) at high temperatures (370°C) 
due to decarbonylation during co-processing 
supports this conclusion. Increased carbon 
rejection reactions were observed for hydro- 
cracking catalysts (higher Cy7/Cig and C15/C16 
ratios) as compared to hydrotreating 
(Table 5.2a and b). 

The density of products obtained after co- 
processing of various lipid sources decreases 
only a little on increasing temperatures to 
370°C, and on increasing % lipid fraction in 
feed (Table 5.2), which is due to formation of 
lighter cracked products. The density of pro- 
ducts obtained upon co-processing sunflower 
oil over hydrocracking catalytic systems was 
comparatively lower due to increased cracking 
reactions (naphtha formation), even at lower 
temperature (350°C). On average, the density 
of products obtained over hydrocracking cata- 
lytic systems was lower compared to products 
formed over hydrotreating catalytic systems 
(Table 5.2) 


5.2.2.2 Direct Processing of Lipid Sources 


Lipids have been processed directly under 
both hydrotreating and hydrocracking condi- 
tions in the presence of noble metal and 
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TABLE 5.3 Influence of Temperature Variation on Product Distribution During Hydrotreatment of Lipids From 
Various Sources 
Castor Soybean Jatropha Oil Cooking 

Lipid Source [26] Palm [21] Sunflower [19] [14,15] [31] [35,36] 

NiMo/ Commercial 
Catalyst System 5% Pd/C NiMo/AI,O3 NiMo/AI,O3 Al0O3 CoMo/AI,03 HDT Catalyst 
Pressure, bar 
(Space Velocity, h~’) 25 50 (1) 50 (5.2) 50 (2) 92 80 (4) 81(1) 
Temperature 300 340 300 330 420 300 350 420 380 400 320 340 360 330 350 398 
Naphtha 0 0 54 63 12 0 25 1 1.5 3.35 0 0 5 
Kerosene 0 0 0.8 1 12.8 0.4 1 5 3 75 25 3 7.13 5 5 15 
Diesel 40 100 95 93.7 41.6 93.2 91.8 76 97 90 85 88 85 95 95 80 
C15/C16 0° 02 02 02 1 1 0.8 1.9 0.8 12 14 
Ci7/Cisg 28° 9.7 02 02 02 04 07 08 2.5 11 13 18 
m (kerosene) 0 0 0.2 0.05 0.3 0.5 0.1 01 0.6 
Conversion 100 100 100 100 100 100 100 100 100 92.2 95.1 985 925 92 96.5 


“Methyl Stearate. 


sulfided base metal catalyst systems supported 
over acidic and nonacidic supports. Tables 5.3 
and 5.4 describe the processing of various lipid 
sources at different temperatures over hydro- 
treating and hydrocracking catalytic systems, 
respectively. 


5.2.2.2.1 HYDROTREATING OF LIPIDS 


Castor, palm, and sunflower oils were pro- 
cessed by Meller et al. [26], Sirifa et al. [21], 
and Huber et al. [19] at 300°C (Table 5.3). 
There was a negligible amount of kerosene 
range products observed, with predominantly 
renewable diesel product. Palladium sup- 
ported over carbon was used as a catalyst for 
processing castor oil [26] at a low pressure of 
25 bar, while palm and sunflower oils were 
processed using sulfided Ni-Mo supported 
over alumina as the catalyst at 50 bar pressure. 
Complete conversion of triglycerides could be 
observed for all three feedstocks under these 
conditions. Although complete conversions 
could be observed at 25bar pressure and 


300°C in the case of castor oil over Pd/C cata- 
lyst, only 40% yield of diesel range compounds 
was observed, unlike the NiMo(S)-alumina cat- 
alyst, where a >90% diesel yield was obtained. 
Sirfa et al. [26] noted the formation of many 
oxygenated intermediate compounds along 
with a 28% yield of methyl stearate. Similar 
oxygenated intermediates were also observed 
at reduced severity by Kubicka et al. [23] at 
lower temperatures, by Anand et al. [31] at 
reduced pressures, and by Huber et al. [3,19] 
at higher space velocities. 

Upon increasing the temperature to 340°C, 
methyl stearate disappeared and an increase in 
the yield of diesel range molecules was 
observed in the case of castor oil (Table 5.3). 
On the contrary, there was only a slight reduc- 
tion in diesel yield and an increase in kerosene 
and naphtha products yield upon increasing 
the temperature to 350°C. On further increas- 
ing the temperature to 420°C, a drastic 
decrease in diesel yield was observed; the 
highest decrease was observed in the case of 
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TABLE 5.4 Product Distribution for Hydroprocessing of Lipids from Various Sources Over Different Hydrocracking Catalyst Systems at 


a. Sulfided 


Lipid Source 
[Reference] 


Pressure, Bar 


Catalyst System 
Temperature, °C 
Naphtha 
Kerosene 

Diesel 

C15/C16 

Ci7/Cig 

i/n 

Conversion 

b. Nonsulfided 
Lipid Source 
Pressure, Bar 
Catalyst System 
Si/Al 
Temperature 
Naphtha 
Kerosene 

Diesel 

C15/C16 

Ci7/Cis 

i/n 


Conversion 


+ cat:jatropha:H2O ratio(1:1:9; *1:10:9). CNT, carbon nanotubes; HY, Y zeolite (H-form); Meso-ZSM-5, hierarchical mesoporous H-ZSM-5 zeolite; MSP, hierarchical mesoporous SAPO-11(MSP-1 (Si/AI: 0.4) & MSP-2 


(Si/ Al: 0.27) 


NiMo/ 
MSP-1 
400 450 

17.3 37 

8 28.5 
74.7 34.5 
0.5 

0.7 

0.8 2.3 
100 100 


25% Ni/H-Beta 


Soybean 
[16] Algal [29] Jatropha [8] 
40 50 50 
NiMo/HY  NiMo/Meso-ZSM-5  NiW/SiO}-AlĻO; CoMo/AI,O3 
390 410 410 360 360 
491 55 78.5 19.7 (<Cjs5) 40.2 (<Cjs) 
18.2 5 80.8 49.2 
1.3 0.8 
2.2 0.7 
2.5 1.1 0.3 
98 100 98 100 100 
Jatropha [30] 
65 (H//N2: 85/15)* 
Pt/H-ZSM-5 = Pt/USY Pt/CNT  Pt/H-ZSM-5* 25% Ni/SAPO-11 
23 6.3 23 
270 300 
8.0 0.0 0.0 18.2 1.2 97.7 
3.8 1.4 13.3 6.0 3.2 1.5 
88.4 98.6 86.7 75.8 95.4 0 
0.0 0.8 40.9 1.9 
0.4 0.5 0.7 0.1 
0.1 0 
31.2 13.6 14.2 99 99 


Jatropha [34] 


70 

NiMo/ NiW/ 

MSP-2 MSP-1 
400 450 400 450 
5.6 30.5 14 40 
8 34.5 3.5 24.5 
86.4 35 82.5. 35.5 
0.3 
0.7 
2.5 3.1 1.5 3.5 
100 100 100 100 


Castor [27] 
30 
25% Ni/ZSM-5 


38 


96.8 


99 


1-1.5h ! 


Cooking [9] 


130 
NiW/ Commercial 

MSP-2 HC catalyst 
400 450 350 370 390 
11 28.5 0 1.8 1.2 
4 37.0 53 8.2 19.9 
85 34 66.7 65 61.0 
0.8 3.8 
100 100 72 75 82 


25% Ni/USY 


79.4 


19.2 


0.8 


5.3 


99 


25%Ni/USY-APTES-MCM-41 


13.8 


80.3 


5.4 


4.4 


99 
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palm oil (Table 5.3). Increase in cracking and 
isomerization reactions were observed at high- 
er temperatures, which led to increased kero- 
sene and naphtha yields. A greater reduction 
in diesel yield was observed in the case of 
palm oil, not only because of operation at 
reduced space velocity (palm: 1h‘; sun- 
flower: 5.2h '), but also due to its more satu- 
rated composition. Soybean oil was also 
processed over NiMo/AI,O3 catalyst at 50 and 
90 bar pressures, and on increasing tempera- 
ture from 380°C to 400°C, a decrease in diesel 
yield and an increase in kerosene and naphtha 
yield were also reported (Table 5.3). 

Jatropha [31] and cooking [40,41] oils were 
processed at a high pressure of 80 bar over 
CoMo/AlLO3 and commercial hydrotreating 
catalytic systems. At lower temperatures — that 
is, 320°C (jatropha oil) and 330°C (cooking oil) — 
only 92% conversion was observed with lower 
diesel yield (85%) in the case of CoMo/AI,O3 
with jatropha oil (Table 5.3), as compared to that 
over commercial hydrotreating catalyst with 
cooking oil. Lighter cracked products — that is, 
naphtha and kerosene (3.5% yield) — could be 
observed even at 4h space velocity in the case 
of CoMo/ AlO; systems, whereas only 5% kero- 
sene was observed at 330°C and 1h" space 
velocity (high severity) in the case of cooking oil 
(Table 5.3). Diesel yield increased (88%) upon 
increasing the temperature to 340°C for jatropha 
oil due to an increase in conversion, whereas it 
remained almost constant in the case of cooking 
oil (Table 5.3). On further increasing tempera- 
tures to 360°C (jatropha) and 398°C (cooking oil) 
at 80 bar pressure, there was a decrease in diesel 
yield and an increase in cracked products yield, 
and increased formation of kerosene range 
hydrocarbons (Table 5.3). 

Anand et al. [31] demonstrated formation of 
acidic intermediates upon processing lipid feed- 
stocks over nonacidic Co-Mo/ AlO; catalyst, 
which justified the increase in cracking reactions 
under less severe hydrotreating conditions. An 
increase in decarbonation selectivity (CO, CO, 


elimination) over hydrodeoxygenation selectiv- 
ity (H20 elimination) was observed for all feeds 
at higher temperatures (Table 5.3), except in the 
case of palm oil, wherein low decarbonation 
selectivity (low C15/C16 and Cj7/Cjg ratio) was 
observed. This indicated that heavier lipids such 
as castor, jatropha, soybean, sunflower, and 
cooking oils favoured the carbon rejection mech- 
anism at higher temperatures, whereas hydro- 
deoxygenation for the removal of oxygen was a 
preferred mechanism in the case of lighter lipid 
sources such as palm oil (Table 5.3). These facts 
indicate that the consumption of hydrogen in 
the case of palm oil would be greater compared 
with other lipid sources towards deoxygenation 
reactions. 

In summary, oxygenated intermediates 
were produced at reduced reaction severity 
(low hydrogen partial pressures, low reaction 
temperatures, and reduced residence time, that 
is, high space velocity). Upon increasing the 
reaction severity, these intermediates con- 
verted to deoxygenated products and 
increased temperatures led to cracking and 
isomerization reactions. The CoMo/AI,O3 cat- 
alytic system induced acidity in the reaction 
media due to formation of acidic intermediates 
and led to increased cracking reactions and 
formation of kerosene range molecules even at 
reduced severity. Lighter lipid sources such as 
palm oil favoured hydrodeoxygenation reac- 
tions over carbon-rejection reactions, whereas 
heavier lipid sources deoxygenated primarily 
by carbon-rejection mechanisms at higher tem- 
peratures. Generally, hydrotreating cannot 
directly produce desirable yields of aviation 
kerosene. But it is possible to convert the 
diesel — selectively produced from hydrotreat- 
ing vegetable oil in a first reactor — into avia- 
tion kerosene by mild hydrocracking in a 
second reactor (a two-step process). 


5.2.2.2.2 HYDROCRACKING OF LIPIDS 


Hydrocracking of lipids has been studied in 
the literature over a wide range of catalytic 
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systems, such as conventional sulfided cata- 
lysts and their combinations with various 
hierarchical mesoporous supports, or the non- 
conventional nonsulfided catalytic systems 
such as Ni and Pt metal-based catalysts used 
in reduced conditions over different zeolites, 
silicoaluminophosphates, and their combina- 
tions. Conventional catalysts were evaluated 
between 40—130 bar (hydrogen pressures) and 
at temperatures ranging between 360°C and 
450°C, whereas nonconventional catalytic sys- 
tems were evaluated at lower pressures 
30—55 bar (hydrogen pressures) and tempera- 
tures between 270°C and 300°C. 


5.2.2.2.3 CONVENTIONAL SULFIDED 
CATALYSTS 


Lipids from soybean, algal, jatropha, and 
waste cooking oils have been processed over 
Ni-Mo, Ni-W, Co-Mo-based catalytic systems 
where Mo and W are the active metals provid- 
ing the required hydrogenation/dehydrogena- 
tion ability to the catalyst along with Ni or Co 
as the promoters, all loaded over an acidic sup- 
port (Table 5.4a). Nearly complete conversion 
was observed for all lipid feedstocks except 
waste cooking oil lipids, with a gradual increase 
in conversion from 72% to 82% upon increasing 
temperature observed at 130 bar (Table 5.4a). 
The conversion calculations as defined by 
Bezergianni et al. [9] consider boiling fractions 
above 360°C as unconverted feedstock. 
Considering the reaction products boiling above 
360°C as unconverted lipid from cooking oil, 
reduced conversions over the commercial 
hydrocracking catalytic system are inferred. 

Cheng et al. [16], Kumar et al. [8], and 
Verma et al. [29,34] instead studied the conver- 
sion of lipids of different sources, and actual 
concentrations of unconverted feed (measured 
with chromatography) have been used for con- 
version calculations. High renewable diesel 
yield of around 60—80% was obtained at tem- 
peratures below 400°C and pressures between 
50 and 130 bar (Table 5.4a) for jatropha and 


cooking oil lipids over Ni-Mo- and Ni-W- 
based catalysts [8,16,29,34]. Upon further 
increase of the temperature, the yield of the 
diesel fraction decreased and more cracked 
products (ie, kerosene and naphtha) were 
observed. Comparatively, over a Co-Mo/ Al0O3 
catalyst, low diesel yields were observed 
(Table 5.4a), along with a 40% yield of cracked 
(<C,5) products. Similar observations of 
increased cracked product yields over a Co- 
Mo/AI,O3 catalytic system were observed by 
Anand et al. [31,33]. Increased cracking 
observed over a Co-Mo catalyst supported on 
low acidity Al,O3 indicated the formation of 
acidic intermediates in the reaction media that 
were catalysing the cracking reactions. 
Moreover, for a Co-Mo catalyst, C—O bond 
breaking was preferred — that is, hydrodeoxy- 
genation was preferred over decarbonation 
mechanisms (0.8 (Ci5/C16); 0.7 (Ciı7/C18)) = 
whereas Ni-W/SiO,-Al,O3 catalytic systems 
preferred decarbonation reactions over hydro- 
deoxygenation reactions (1.3 (Cis/Ci6); 2.2 
(Cy7/Cjg)) due to the acidic SiO-Al,O3 sup- 
port, which catalyses C—C bond cracking and 
leads to the formation of CO and CO; [8]. 
Mesoporous silicoaluminophospate SAPO- 
11 (MSP)-based catalytic systems supported 
with Ni-Mo and Ni-W active metals showed 
similar yield patterns with increased aviation 
kerosene and naphtha yield upon increasing 
temperature from 400°C to 450°C (Table 5.4a). 
A corresponding decrease in diesel yield was 
also observed. There was drastic improvement 
in isomer-to-normal hydrocarbon (i/n) ratios 
upon increasing the temperature, indicating 
increased isomerization selectivities over 
SAPO-11-based catalytic systems at elevated 
temperatures (Table 5.4a). A maximum avia- 
tion kerosene yield of 37.5% was observed for 
jatropha oil lipids over Ni-W/MSP systems at 
450°C temperature and 70bar pressure, 
whereas for soybean oil lipids, 49% yield of 
aviation kerosene was observed over NiMo/ 
HY zeolite catalyst at reduced temperatures 
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and pressures (390°C and 40 bar). Increasing 
temperature to 410°C, the yield of aviation ker- 
osene further increased over NiMo/HY cata- 
lyst (Table 5.4a). Similar observations were 
made for algal oil lipids, with a maximum avi- 
ation kerosene yield of 78% (at 410°C) over 
hierarchical mesoporous zeolite (ZSM-5)-sup- 
ported NiMo catalyst [29], which indicated 
increased lipid cracking ability of these zeolites 
over other catalytic systems. 

Fig. 5.1 shows the product yield distribution 
for hydrocracking of various vegetable oils 
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over different catalysts. For jatropha oil hydro- 
cracking over mesoporous silica-alumina, hier- 
archical mesoporous H-ZSM-5 and 
titanosilicate (MTS) supports loaded with sul- 
fided NiMo, NiW, and CoMo active metals 
gave the highest yield of naphtha, followed by 
that of aviation kerosene and diesel, with avia- 
tion kerosene ranging between 30—35% at 
400—420°C temperatures and 80 bar pressure. 
However, over CoMo/MTS systems at a 
reduced temperature of 360°C, cracking of 
jatropha oil was low, with 80% renewable 


Castor oil, 300°C, 30 bar!®! 
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FIGURE 5.1 Product yield distribution for hydroprocessed vegetable oils over various catalysts ([_] Lighter distillate; 


[=] Middle distillate; JJ Heavier distillate). 
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diesel as the major product, followed by avia- 
tion kerosene (~20%) and a negligible yield of 
naphtha (Fig. 5.1). Increase in acidic intermedi- 
ates formed [8,31,33], in addition to higher 
reaction severity, at higher temperature, led to 
cracking and isomerization reactions, even 
over low-acidity supports like MTS, as was 
also observed for CoMo-alumina (Table 5.3) 
[31]. NiMo/HZSM-5(HSAC), which has hierar- 
chical porous, high surface area, crystalline 
HZSM-5 zeolite with framework-confined 
mesoporosity as support, furnished the highest 
yield of aviation kerosene (~60%) with negli- 
gible diesel, from jatropha oil. The same cata- 
lyst gave the highest reported yield of aviation 
kerosene (~80%) when algal oil was used as 
the feed (Fig. 5.1) [7]. 


5.2.2.2.4 NONCONVENTIONAL 
NONSULFIDED CATALYSTS 


Jatropha and castor oil lipids were pro- 
cessed over reduced Pt and Ni catalysts on 
various supports (Table 5.4b). At low tempera- 
tures (270°C) conversions were low (15—30%), 
even at a high hydrogen partial pressure of 
55 bar [28], but nearly complete (99%) conver- 
sions were achieved for castor oil at slightly 
higher temperature (300°C) and a low pressure 
of 30 bar, indicating that slight changes in reac- 
tion temperature have a strong influence on 
the conversion of lipids [27]. There was 
increased formation of cracked naphtha range 
products observed by Murata et al. [30] over a 
Pt/H-ZSM-5 catalytic system for jatropha 
feeds, whereas at similar conversion levels Pt/ 
carbon nanotubes gave increased formation of 
kerosene range molecules (Table 5.4a). This 
may be attributed to the lower acidity of the 
carbon nanotube support for Pt as compared 
to that for H-ZS5SM-5. Ultrastable Y (USY) zeo- 
lites gave two times the conversion (31%) com- 
pared to other Pt-loaded catalytic systems 
(Table 5.4b), indicating Pt/USY as a better cat- 
alyst at lower temperature (270°C) for 
increased diesel production (98.6%). Upon 


increasing temperature to 300°C, 25% Ni/USY 
showed complete conversions of castor oil, 
and a naphtha yield of 79.4% and kerosene 
yield of 19.2% with negligible diesel yield 
(Table 5.4b). A similar yield pattern was also 
observed for H-Beta and USY catalytic systems 
with 25% Ni loading, and increased naphtha 
yield was reported. These observations indi- 
cate that such highly acidic catalytic systems 
with 25% Ni loading promoted cracking and 
isomerization reactions even at 300°C and a 
low pressure of 30 bar, whereas conventional 
sulfided Ni-Mo-, Co-Mo-, and Ni-W-based 
catalyst systems promoted these reactions at 
higher temperatures, >360°C (Table 5.4a). 
However, a major limitation for commercial 
success of the Ni/Zeolite-based catalysts is 
that they deactivate much more rapidly than 
conventional sulfided catalysts supported on 
moderately acidic silica-alumina supports. 

Liu et al. [27] also demonstrated for castor 
oil lipids that a catalytic system with moderate 
acidity increased the desired aviation kerosene 
yield to as high as 80% (Table 5.4b) with 
increased i/n ratios. The yield of aviation 
range kerosene increased nearly six times 
using a combination of USY, APTES ((3-amino- 
propyl)-tri-ethoxysilane), and MCM-41 
(Fig. 5.1). Addition of MCM-41 to USY zeolite 
blocked the strong acid sites, which resulted in 
greater yields of bio-aviation fuel range com- 
pounds and reduced naphtha range com- 
pounds (Table 5.4b) [27] (Fig. 5.1). Addition of 
APTES increased the mesoporosity of the sys- 
tem, which in turn also improved the diffusion 
(mass transfer) of bulkier triglyceride lipid 
molecules into the pores of the active sites. 
Moderate increase in APTES content (5 to 7.5) 
increased the aviation kerosene yield, but on 
further increase of the APTES content (7.5 to 10) 
the yield of cracked products (ie, naphtha and 
kerosene range molecules) started decreasing. 
This decrease in cracked products yield was 
attributed to blockage of active sites/zeolitic 
pores caused due to excessive use of APTES 
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[27], in addition to negligible moderate acidity 
shown by high APTES content systems. Liu 
et al. [27] demonstrated that upon increasing 
the Si/AI ratio, for 25% Ni/ZSM-5 catalyst, the 
Lewis acidity decreased, which in turn 
decreased the yield of cracked lighter distillate 
products (Fig. 5.1), with gradual increase in 
middle and heavier distillates. Reduced second- 
ary cracking reactions due to the reduction of 
strong acidity led to an increase in aviation ker- 
osene yields upon increasing the Si/Al ratio. 

Soybean oil was hydroprocessed over Pt-, 
Pd-, and Ni-based catalysts supported on 
carbon at 300°C (Fig. 5.1) [55]. Negligible sec- 
ondary cracking responsible for formation of 
naphtha range product, and mild primary 
cracking, led to 15—20% kerosene range mid- 
dle distillates for the Pt- and Pd-based cata- 
lysts. On the contrary, lipid hydroprocessing 
over 20% Ni supported over carbon yielded 
mostly kerosene range products (50%) 
(Fig. 5.1) under similar operating conditions. 
Studies by both Morgan et al. [46] and Liu 
et al. [47] over lipids from soybean and castor 
oils showed Ni-supported catalytic systems 
suitable for the production of aviation kero- 
sene range hydrocarbons. Carbon-supported 
catalyst systems are inherently nonacidic in 
nature and do not catalyse cracking reactions. 
The higher yield of middle distillate kerosene 
range products (Fig. 5.1) observed over Ni- 
based catalyst systems indicated formation of 
acidic intermediates which promoted cracking 
of lipids at lower temperature (300°C). 

Model triglyceride compounds, both satu- 
rated (tristearin, Cs7H11006) and unsaturated 
(triolein, Cs7H10406), were also hydroprocessed 
over Ni-, Pt-, and Pd-based systems supported 
on carbon [46]. Similar results with increased 
cracking (kerosene 46—47%) were observed 
over Ni-based catalyst as compared to Pt- and 
Pd-based systems (kerosene, 27—34%), along 
with increased conversion of 81—85% for Ni/C 
as compared to 22—47% in the case of Pt and 
Pd systems (Fig. 5.1). Product patterns 


observed over both saturated and unsaturated 
lipid molecules were similar over all the cata- 
lytic systems, with an exception of increased 
formation of internal alkenes in the case of 
triolein feedstocks, which were probably the 
result of reduced hydrogenation functionalities 
at 300°C [46]. 

Ni-based catalytic systems show a promising 
future for increased production of kerosene 
range products, but further experimentation and 
analysis is necessary for determining the catalyst 
life and properties of these products vis-a-vis 
specifications for aviation kerosene. Apart from 
these catalytic systems, various newer conven- 
tional and nonconventional catalytic systems are 
being developed for the production of kerosene 
range hydrocarbons, but their utilization is sub- 
ject to the products meeting the ASTM 7566 or 
Jet A-1 test specifications for aviation kerosene. 
Ni-Mo and Ni-W catalytic systems supported 
over acidic mesoporous supports such as SiO- 
AlO; or ZSM-5 have shown desirable catalytic 
performance, with properties of kerosene range 
products meeting the ASTM 7566 specifications. 
These acidic mesoporous supports, supported 
with active metals with strong hydrogenation/ 
dehydrogenation ability at 400—450°C tempera- 
tures and high hydrogen pressures (80—150 bar), 
yield the desired isomerization and deoxygen- 
ation of lipids to produce aviation range 
hydrocarbons. Continuous pilot-scale runs and 
catalytic evaluations have resulted in better 
understanding of these systems and catalytic life 
cycles for scale-up and commercial-scale produc- 
tions. Reduction in reaction temperatures and 
pressures, with increased productivity of desired 
aviation kerosene fuel without compromising 
the quality of the fuel would result in reduced 
operating costs and increased profit margins, 
leading to rapid commercialization of these 
processes. 


5.2.2.3 Isomerization Selectivity 


The products from vegetable oil hydroproces- 
sing can be used as liquid transportation fuels 
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FIGURE 5.2 Isomer/Normal ratio in middle distillate (kerosene range) product for hydroprocessed vegetable oils over 


various catalysts. 


only if they meet required specifications, such as 
those defined by ASTM. Isomer-to-normal 
hydrocarbon ratio is a very important criteria for 
meeting the desired properties of all liquid trans- 
portation fuels. High i/n ratio is necessary for 
increasing the octane number of gasoline, and 
for reducing the freeze point of aviation kero- 
sene or pour point of renewable diesel. 
Isomerization reactions can occur during 
lipid hydroprocessing at the acidic sites on the 
catalyst surface. Generally, alumina support- 
based catalysts have low acidity and hence 
do not favour isomerization reactions. On 
the other hand, acidic supports such as 


silica-alumina and zeolites provide the required 
acidity for these reactions. Fig. 5.2 shows i/n 
hydrocarbon ratios for kerosene range 
hydrocarbons obtained by the hydroprocessing 
of various lipids over different acidic and non- 
acidic catalytic systems. Alumina-based catalytic 
systems showed almost negligible i/n ratio for 
algal- and jatropha-based hydroprocessed pro- 
ducts at 370°C and 400°C, indicating a negligible 
effect of temperature on i/n ratio over these 
NiMo/AI,O3-based catalytic systems. Verma 
et al. [29] hydroprocessed algal and jatropha oil 
over various hierarchical structured and porous 
catalytic systems — H-ZSM-5-, SAPO-11-, and 
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SiO,-Al,O3-supported with both sulfided 
and noble metal-based hydrogenation/ 
dehydrogenation functionalities. They demon- 
strated that crystalline HZSM-5 (low surface 
area crystalline (LSAC)) promoted more 
isomerization reactions as compared to semi- 
crystalline HZSM-5 (high surface area semi 
crystalline (HSASC)). Medium-strength acid 
sites (Bronsted acidity) were responsible for 
desirable isomerization reactions, whereas 
strong acidic sites (Lewis acidity) promoted 
undesired cracking reactions. Liu et al. [27] 
processed castor oil lipids over 25% Ni/ZSM-5 
catalytic systems with varying Si/AI ratios at 
300°C and 30 bar, wherein similar results were 
reported, in other words, increasing isomeri- 
zation reactions with increasing Si/AI ratio, 
which was ascribed to lower Lewis acidity 
(with increasing Si/Al ratio) because of the 
decrease in extra-framework Al content. 
Acidic site distribution results shown by both 
Verma et al. [29] and Liu et al. [27] indicate a 
decrease in Lewis acidity (strong acid sites) 
upon increasing the Si/Al ratio. A decrease in 
the yield of lighter cracked products with 
increasing Si/ AI ratio [27] also supported the 
fact that cracking was favoured over Lewis 
acidic sites and isomerization reactions over 
Bronsted acid sites. Novel mixed catalytic sys- 
tems (USY, MCM-41, APTES) were also stud- 
ied by Liu et al. [27] for hydroprocessing of 
castor oil, and i/n hydrocarbon ratios of 5—6 
were obtained, which are comparable to the 
values obtained over most of the other 
catalysts, such as NiMo/HZSM-5 (Fig. 5.2). 
Over NiMo catalytic systems similar i/n 
(2.2) were observed for algal oil lipids as 
well as jatropha oil lipids at 410°C for 
HZSM-5 (HSASC) supports. Upon increasing 
the temperature from 380°C to 400°C over 
HZSM-5 (LSAC) supports, the i/n hydrocar- 
bon ratio increased three times, whereas such 
a drastic increase was not observed for any 
other catalytic systems, indicating NiMo/H- 
ZSM-5 (LSAC) systems were better-suited 


for isomerization reactions at higher tem- 
peratures. Higher isomerization selectivity 
(i/n =4.5) was reported for Ni-W/H-ZSM-5 
(HSASC) as compared to Ni-Mo/H-ZSM-5 
(HSASC) (i/n=2.5), indicating the role of 
the stronger hydrogenation/dehydrogenation 
ability of ‘W’ over ‘Mo’ supported catalysts 
for isomerization reactions. However, a 
similar observation was not reported by 
Verma et al. [34] in the case of hierarchical 
mesoporous SAPO-11-supported NiMo and 
NiW catalytic systems. A slight decrease in 
the i/n ratio for NiW (i/n=3.8) was 
reported as compared to that for NiMo 
(i/n = 4.8) catalytic systems (450°C, 60 bar). 
These differences could be due to the differ- 
ences in the acidities of the two catalysts. On 
further increasing the hydrogenation/dehy- 
drogenation ability of the catalytic systems 
by using noble metal-supported catalysts 
(0.75% Pt/SAPO-11), a similar i/n ratio 
(i/n=4) could be obtained at slightly 
reduced temperatures and pressures (430°C, 
50 bar). Even upon further reducing the tem- 
perature to 330°C and the pressure to 20 bar, 
the isomerization selectivity (i/n=4) was 
maintained, indicating that isomerization 
reactions were favoured over stronger hydro- 
genation/ dehydrogenation functionalities. 
Different i/n ratios were obtained for algal 
and jatropha lipids, indicating that iso- 
merization selectivities are also dependent on 
feed composition. 


5.3 KINETICS, REACTION 
MECHANISMS, AND PATHWAYS 


The reaction mechanism and the pathway 
followed for lipid conversion into various 
hydrocarbons mainly depend on the type of 
catalyst system chosen for the conversion. 
Lipids from various sources mostly contain tri- 
elycerides, along with some _ diglycerides, 
monoglycerides, and free fatty acids. These 
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Bond Saturation 





TG=+ H, > TG 





Depropanation 





TG + 3H, > 3RyCOOH + CH3CH,CH; 





Hydrodeoxygenation 





RyCOOH + 3H, —> RyCH3 + 2H,0 





Decarboxylation 


RCOOH > RyH + CO, 


Decarbonylation 





RCOOH + H, > RyH + H0 + CO 
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SCHEME 5.1 Reaction schemes for the hydroconversion of lipids into transportation fuels. 


molecules contain double bonds (Table 5.1) 
along with heteroatoms (mainly oxygen), 
which need to be removed prior to use. 

Over a hydrotreating catalytic system, such 
as CoMo or NiMo supported over low acidity 
Al O;, the unsaturated lipid molecules are 
primarily saturated and deoxygenated to 
yield a corresponding saturated hydrocarbon 
[21,23,45]. During deoxygenation, the glycerol 
linkage of the triglyceride molecule is broken 
to produce a propane molecule along with 
three corresponding carboxylic acid molecules 


(Scheme 5.1a) [7]. In the case of a multifunc- 
tional catalyst with cracking/isomerization 
functionality and hydrogenation /dehydroge- 
nation ability, cracking and isomerization 
reactions are observed [7,31,32]. In addition, 
cyclization and aromatization reactions may 
also be observed if conjugated double bonds 
are present [5]. Gas phase compositions of 
products obtained over hydrotreating and 
hydrocracking catalysts for palm and jatropha 
oil (Table 5.5) indicate that 30—60% of the 
gaseous products is propane, which is 
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TABLE 5.5 Molar Composition of Gaseous Products from the Hydroprocessing of Lipids at 50 bar and 1h * Over 


Both Hydrocracking and Hydrotreating Catalytic Systems 


Process Hydrotreating Hydrocracking 

Temperature, °C 360 360 400 

Lipid [Reference] Palm [21] Jatropha [8] Jatropha [8] Jatropha [34]* 
Catalyst NiMo/AI,O3 NiMo/AI,O3 CoMo/AI1,O3 NiW/SiO,-Al,O;3 NiMo/MSP-1 NiW/MSP-2 
Gas HC — C3 1.8 0.53 1.72 1.54 1.43 1.51 

C3 17 0.69 0.74 0.83 1.09 0.66 

CO, 1.3 0.49 0.55 2.15 4.35 1.47 

CO 0.1 2 1.8 5.98 2:29 0.93 


“70 bar; HC, hydrocarbons; MSP, hierarchical mesoporous SAPO-11 (MSP-1 (Si/Al: 0.4) & MSP-2 (Si/Al: 0.27)). 


predominantly produced from cleavage and 
hydrogenation of the triglyceride molecule 
(C—O bond). 

The oxygen present in these complex mole- 
cules can be removed either by deoxygenation 
reactions (ie, hydrodeoxygenation, H20) or by 
decarbonation reactions (CO and CO3). 
Following the deproponation reaction, the 
intermediate acid molecule produced under- 
goes a deoxygenation reaction to yield hydro- 
carbon products. The depropanation and 
deoxygenation reactions can either occur 
simultaneously or consecutively — that is, 
depropanation to produce acid followed by 
deoxygenation of acidic molecules [23]. The 
route by which the lipid molecules or the acid 
intermediate molecules are deoxygenated (ie, 
the deoxygenation pathways) also depends on 
the processing conditions chosen and catalyst 
functionality (acidity/hydrogenation ability). 
Strong hydrogenation catalytic systems over 


nonacidic supports — that is, hydrotreating 
catalysts such as sulfided CoMo, NiMo sup- 
ported over AlO; — favour hydrogenation 


reactions leading to the breakage of C—O 
bonds. These bonds are present in the acid lin- 
kages and upon reaction form hydrocarbons as 
the major product with HO as the main 


by-product, along with small quantities of CO 
and CO; whereas hydrocracking catalysts 
with acidic supports such as silica-alumina, 
silicoaluminophospates, zeolites, etc., favour 
C-C bond breaking. This leads to compara- 
tively more CO, and CO formation than H2O. 
Accordingly, increased molar yields of CO 
and CO, are observed over hydrocracking 
catalysts compared to hydrotreating catalysts 
(Table 5.5). 

The produced deoxygenated hydrocarbons 
undergo further cracking and isomerization 
reactions to yield lower boiling point range 
hydrocarbons. Anand et al. [31] and Sharma 
et al. [32] studied various lumped kinetic models 
for hydroconversion of jatropha oil lipids over 
CoMo catalyst systems supported over Al2O3 
and MTS. They considered all the possible reac- 
tions and the reaction products formed during 
the hydroconversion of lipids. Triglycerides in 
lipid feed were considered as a single entity and 
the liquid hydrocarbon products produced after 
hydroprocessing were lumped according to 
their corresponding carbon ranges — that is, gas- 
oline (Cs5—Cx), kerosene (Co—Cj4), gasoli- 
ne + kerosene (<Cj5), diesel (Cj5—Cjs), and 
oligomerized product (>Cjg). Rate equations 
were framed for the models and reaction 
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TABLE 5.6 Rate Constants and Activation Energies for Hydroprocessing of Lipids and Co-processing of Lipids With 


Gas Oil at Various Temperatures 
Lipid (Jatropha Oil) — Co-Mo 
Catalyst System Titanosilicates [32] 


Temperature, °C 320 


ktrigtycerider h" 14.4 
kNaphtha, Cs—Ceg, h ' 0.04 
kxerosener Co—Cis, h* 0.1 
kpiesey >Cis, h" 1.2 


Co-processing Lipids — NiMo/AI1,03 


Temperature, °C 325 
% Lipid 25% Soya [43] 10% Soya [43] 

kups, S 4.8 4.7 

kupo, s | 4.3 4.1 

Eps, kJ/mol 15 17.9 


Expo, kJ/mol 136.6 140.2 


“Co-processing with N-hexadecane/4,6-dimethyldibenzothiophene. 


parameters were estimated for different reaction 
pathways based on the experimental results 
(Table 5.6). Titanosilicate-based catalyst systems 
showed reduced rates for triglyceride conver- 
sion at 320°C as compared to alumina- 
supported catalyst systems. The marginally 
higher acidity of MTS as compared to the 
alumina-supported catalyst [32], led to direct 
cracking of the lipid molecules into naphtha and 
kerosene (Scheme 5.1b), whereas in the case of 
the CoMo/AI,O3 system at 320°C, the triglycer- 
ides were initially deoxygenated to yield diesel 
range products, which were further cracked into 
lower range naphtha and kerosene range hydro- 
carbons (Scheme 5.1c). The conversion pathways 
for lipids over these catalyst systems were differ- 
ent, due to alternative metal support interactions 
and the different physicochemical properties of 
these systems. The MTS system catalysed an 
alternative pathway for the formation of lower 


10% Jatropha [8] 


Alumina [31] 


320 360 Activation Energy, kJ/mol 
17 24 26 

0.3 1.1 83 

0.3 2 127 

17 20.9 47 


350 


5% Jatropha [8] 20% Jatropha? [35] 


4.9 4.4 = 
4.3 4.2 = 
12.7 12.9 = 
129.3 132.3 148.4 


range hydrocarbons directly from the triglycer- 
ide at lower temperatures. The rate of formation 
of primary cracked products (ie, gasoline and 
kerosene range compounds over MTS catalyst) 
were lower when compared to the AlO; system 
(Table 5.6). There was also increased conversion 
and corresponding diesel rate of formation in 
the case of AlO; catalyst systems as compared 
to MTS systems, indicating CoMo/ Al2O0; sys- 
tems were better-suited for the formation of die- 
sel range compounds at lower temperature 
(320°C). 

Upon further increase of the temperature to 
360°C in the case of the CoMo/AI1,O3 catalyst, 
a shift in the reaction pathway was observed 
from only deoxygenation reactions to direct 
cracking into naphtha and kerosene range pro- 
ducts, along with internal conversion of diesel 
range products into cracked kerosene range 
products (Scheme 5.1d). There was an 
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increased (four to six times) rate of formation 
of naphtha, kerosene along with a four-unit 
increase in the rate of formation for diesel 
range hydrocarbons upon increasing tempera- 
ture (360°C) as compared to those obtained at 
lower temperature, 320°C (Table 5.6). The sub- 
stantial cracking and change in the reaction 
pathway observed upon increasing tempera- 
ture (320—360°C) was attributed to acidic inter- 
mediates produced over the CoMo/AlLO; 
catalyst system, which promoted cracking 
reactions at 360°C. Reaction pathways were 
affected by the acidic intermediates produced 
during the hydroconversion of lipids over dif- 
ferent catalysts. These intermediates promoted 
cracking reactions and changed the type of 
reactions that occurred. Over MTS these pro- 
moted mild cracking reactions along with olig- 
omerization reactions at lower temperatures of 
300°C and 320°C. 

Upon co-processing the lipids from soy and 
jatropha oils a marginal increase in the rate of 
the HDS reaction was observed upon increasing 
the lipid concentration in gas oil (Table 5.6). A 
decrease in activation energy required for HDS 
reactions over NiMo/AI,O3 catalytic systems 
also supports the above conclusion. Reduction in 
the activation energy upon increasing the lipid 
concentration may be attributed to different 
feed/catalyst interactions that occur in the pres- 
ence of lipids (which produces acidic intermedi- 
ates). Activation energy on the order of 40 kJ/ 
mole for the conversion of triglycerides were 
observed in the case of the MTS systems [32], 
compared to only 26 kJ/mole in the case of the 
Al,O3 system [31]. This indicated that different 
conversion pathways were followed over these 
catalytic systems at lower temperatures 
(<320°C). Very high activation energy for 
hydrodeoxygenation reactions was observed 
(130—150 kJ/mole) while co-processing lipids 
over NiMo/ AlO; catalyst systems as compared 
to direct processing of lipids, indicating direct 
processing of lipids is advantageous due to the 
absence of competing HDS reactions. 
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A very high activation energy of around 
127 kJ/mole was required for the conversion of 
jatropha oil lipids into aviation fuels over the 
CoMo/AlI,Os3 catalyst system. A catalyst system 
with lower activation energy for the formation 
of aviation kerosene would therefore be benefi- 
cial in terms of increasing yields as well as 
reducing the cost of production of these fuels. 


5.4 PATH FORWARD AND 
CHALLENGES 


Aviation kerosene is a global commodity, 
and due to various global drivers, the aviation 
sector is at the brink of needing to develop 
alternative fuels. Many organizations such as 
DARPA, IATA, NATO, and the European 
Union (EU) have already taken enormous 
interest in the development of an alternative 
aviation fuel, funding projects that will bring 
green jet fuel to commercial flights and to stra- 
tegic applications. It is expected that by 2050 
biofuels will reduce aviation emissions by 80% 
[83,84]. United Airlines signed an agreement 
with AltAir to buy 15 million gallons of Bio-jet 
fuel over a period of three years starting in 
2014. This fuel is for use in flights departing 
from their Los Angeles hub. AltAir Fuels will 
retrofit idle portions of a Los Angeles petro- 
leum refinery to produce 30 million gallons of 
advanced biofuels and chemicals per year 
from nonedible natural oils and agricultural 
wastes using a two-step process. This renew- 
able jet fuel is expected to achieve at least a 
50% reduction in greenhouse gas emissions on 
a lifecycle basis [84]. 

In light of the above (both fuel demand 
and environmental issues), it can be said that 
aviation fuel from renewable sources has 
great potential and could provide a clear 
alternative solution to fossil fuels. For the 
commercial production of hydrocarbons from 
vegetable oil (lipid), major challenges with 
respect to hydroprocessing technology are as 
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follows: (1) high hydrogen requirement, (2) 
high exothermicity of the reaction, (3) contin- 
uous feed supply for large production, and 
(4) feed pretreatment issues. 

High hydrogen requirement: A hydrocracking 
unit is typically the largest hydrogen consumer 
in the refinery, and hydroprocessing of 
vegetable oil requires much more (nearly two 
to three times) hydrogen compared to a typical 
hydrocracker. In addition to typical hydro- 
cracking reactions, other reactions like hydro- 
deoxygenation and saturation of a high 
percentage of unsaturated components in 
some vegetable oils like jatropha are the main 
reason for such high hydrogen consumption. 
The hydrogen requirement may also increase 
as unsaturated hydrocarbons form due to 
unwanted cracking reactions becoming satu- 
rated and requiring extra hydrogen, which 
adds additional cost to the process. For com- 
mercial viability, purification and recycling of 
the unused hydrogen is necessary to make the 
process economical. Even though simple water 
washing or amine washing is generally done 
to recycle unused hydrogen, it cannot remove 
certain impurities, specifically CO, which may 
adversely affect catalyst performance. New 
technologies like membrane purification give 
better hydrogen purity compared to conven- 
tional systems. Impurities such as CO, COs, 
and methane can be removed using such 
membrane systems to obtain the desired 
(99.9%) purity of hydrogen in the recycle 
stream. 

High exothermicity of the reaction: The conver- 
sion of renewable feedstocks such as plant, 
animal, and algal oil triglycerides and free 
fatty acids into aviation fuel and other hydro- 
carbons is highly exothermic. Therefore, 
quench hydrogen requirements, reactor bed 
temperature controls, and high deactivation 
rates for the catalyst are major concerns for 
commercialization of the processes. The high 
exothermicity of these reactions also leads to 
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excess cracking and coke formation reactions 
in the catalyst pores, further leading to high 
pressure drops, low catalyst life, and hence, a 
less economical process. 

Continuous feed supply for large production: To 
make the process competitive, it is necessary 
to have a continuous supply of feedstock to be 
converted into fuel, while taking care to avoid 
food-versus-fuel issues and deforestation. 
Besides waste cooking oils, cultivation of oil- 
seed bearing trees (afforestation) could be one 
of the ways to increase the feed supply in an 
environment-friendly way. Government sup- 
port in terms of policy making and funding is 
a must for advancing renewable aviation fuel 
technology. 

Feed pretreatment issue: Most of the 
vegetable oil contains significant quantities of 
impurities (such as metals, Na, K, Ca, etc.) and 
large amount of phosphorus, which need to be 
completely removed prior to conversion into 
aviation fuel so as to maintain catalyst life. To 
increase catalyst life it is important to pretreat 
the feed as it contains metals that may cause 
catalyst poisoning. The metals in vegetable oil 
are generally present along with phospholi- 
pids. To remove these metals and phospholi- 
pids, a ‘water degumming’ process and guard 
bed catalysts are required. 

Overcoming the above challenges can make 
the renewable aviation fuel from the hydropro- 
cessing of lipids competitive with fossil-based 
aviation fuel. Fuel coming from renewable 
sources has marginally higher calorific value 
as well as low sulfur and aromatics content, 
which results in lower emissions compared to 
fossil fuels. 


5.5 CONCLUSION 


It is clear that there is a great need for alter- 
native sources of aviation fuel. Due to strin- 
gent specifications for aviation fuels, higher 
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investment in terms of engine/aircraft modifi- 
cations, and complications in terms of fuel cer- 
tification strategy, etc., alternative aviation 
fuels that are drop-in by nature are the most 
promising solutions to meeting increased fuel 
and environmental demands. 

Hydroprocessing routes to the production 
of alternative aviation fuels have become a 
well-established technology, though economi- 
cally not yet cost-competitive due to the higher 
cost of animal- and plant-derived triglycer- 
ides/lipids. Among different catalysts reported 
and discussed in this chapter, the sulfided 
mesoporous catalysts with moderate acidity 
and higher surface area are the best. Since 
these catalysts are similar to currently used 
hydrocracking catalysts, they are easier to ret- 
rofit in the current refinery infrastructure for 
large-scale production, even under co- 
processing conditions. As discussed above, if 
challenges like regular feedstock availability, 
control of exothermicity of the reaction by 
using modern strategies (liquid quench, heat 
integration), pretreatment of feedstock to 
increase the catalyst life, and recycle gas purifi- 
cation are met, and government support to 
farmers/suppliers to streamline these alterna- 
tive feedstocks are provided, it is expected that 
aviation fuel could be produced from animal- 
and plant-based oils (lipids) competitively. 
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6.1 INTRODUCTION 


The purpose of this chapter is to review the 
opportunities for production of alternative jet 
fuel components from alcohol. This includes a 
review of potential conversion technologies 
and their state of development, a survey of the 
market and economic drivers, and an assess- 
ment of competing technologies. Given the 
lack of public information, the production 
costs for the various conversion technologies 
were not assessed. 

Concerns about climate change and energy 
supply are driving the production of more 
sustainable fuels and chemicals [1a]. Renewable 
fuels such as bioethanol are a promising alterna- 
tive to fossil-based transport fuels, and exten- 
sive research and development has been carried 
out to deploy technologies for their commercial 
production [1b]. 

The International Air Transport Association 
(IATA), comprising the top 250 airlines in the 
world and representing 83% of global air traf- 
fic (IATA 2015), has committed to carbon- 
neutral growth by 2020, stating that it intends 
to reduce emissions by 50% in 2050 from its 
2005 levels. This is the key driver for the 
world’s development of sustainable jet fuel 
solutions. In order to achieve carbon-neutral 
growth, new aviation fuel technologies must 
be commercialized. The most significant piece 
of the sustainable jet fuel puzzle is the devel- 
opment of competitively priced, sustainable 
aviation fuels. 

In addition to reducing the aviation sector's 
carbon footprint, sustainable aviation fuel is 
perhaps the best solution to reduce dependence 
on fossil fuels and offset the risks associated 
with jet fuel price volatility. While significant 
improvements have been made in operational 
efficiency in recent years, airlines need low- 
carbon fuel options in order to continue to 
grow as an industry. While this is due to vari- 
ous reasons, including possible forthcoming 
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regulations that would limit aircraft emissions, 
airlines are also particularly vulnerable to petro- 
leum price swings. For example, from 2001 to 
2012, the price of crude oil increased by 262%. 
Alternative fuels may provide better price sta- 
bility compared to conventional fuels. Not only 
is the price of fuel the airlines’ largest cost com- 
ponent, it remains its most volatile. During that 
time, 25 airlines were bankrupted or stopped 
operations largely due to fuel costs [1c]. 

Because of this, fuel represents nearly 40% of 
an airline’s total operating costs [2]. This is a 
significant driver for sustainable aviation fuel. 
Meanwhile, in an effort to control price volatil- 
ity and as a matter of national security, govern- 
ments are also pushing for sustainable aviation 
fuel use in their fleets. For example, the US 
Navy has demonstrated alternative fuels with 
their aircraft and has announced a goal of sup- 
plying half of its total energy consumption 
from alternative sources by 2020 (Fig. 6.1). 

According to IATA ‘a 3—6% share in global 
commercial aviation fuel demand should be 
achievable by 2020’. This translates to almost 5 
billion gallons per year of sustainable aviation 
fuel, a rather significant market. 

In order to support these market drivers, 
there has been a plethora of activities by various 
aviation stakeholders, including, but not limited 
to, airlines, aircraft manufacturers, engine man- 
ufacturers, government organizations with the 
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FIGURE 6.1 Key drivers for emission reductions. 
Source: Presented to ICAO GIACC/3 Feb. 2009 by Paul Steele 
on behalf of ACI, CANSO, IATA, and ICCAIA. 
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military playing a key role, technology develo- 
pers, feedstock providers, nongovernmental 
organizations, as well as corporations looking to 
improve their sustainability footprint. In addi- 
tion to the technology development and partner- 
ship announcements in the space, numerous 
workshops, conferences, and road mapping 
exercises evaluating the challenges and opportu- 
nities for achieving aviation industry goals have 
occurred, and while many are global exercises, 
some are region and country specific. 
Meanwhile, thousands of flights have already 
demonstrated the use of alternative jet fuel in 
commercial flights. Airlines involved include 
Lufthansa, Qatar Airways, United Airlines, 
Virgin Atlantic, British Airways, among others. 

With this in mind, we provide a new look at 
producing jet fuel from alcohols. Our own 
research in this space starts with waste gases 
rich in carbon monoxide, such as co-produced 
in steel production. LanzaTech has demon- 
strated at large scale in Asia the conversion of 
such gases to ethanol. Working with its partner, 
Pacific Northwest National Laboratory (PNNL), 
we have developed new routes that can either 
produce cyclic hydrocarbons or selectively pro- 
duce only synthetic paraffinic kerosene (SPK), 
which match current needs. The key aspect of 
this focus is producing the intermediate alcohol 
from a stream that today is not valorized and 
which contributes to greenhouse gases (GHGs). 
This provides a new paradigm, as feedstock 
costs are the largest operating cost in producing 
renewable fuels. In addition to our own process 
we will examine the other alcohol to jet (ATJ) 
options forthcoming. 


6.2 BACKGROUND 
6.2.1 Types of Jet Fuel 


Many types of jet fuel are used for commer- 
cial and military aviation. Some fuels used 
more extensively in past years have since 


111 


become less preferable to fuels with more 
desirable properties. The following sections 
describe the most widely used conventional 
kerosene-grade turbine aviation fuels. This 
serves to highlight the types of fuels and prop- 
erties that the ethanol to jet blend components 
will need to meet. Select specifications for each 
fuel are given in Appendix A. 


6.2.1.1 Jet A 


Jet A became the standard jet fuel for all 
United States and many international commer- 
cial airlines in the 1960s when it was selected 
over the more highly flammable JP-4 for pas- 
senger safety reasons [3]. Now it is normally 
available only in the United States, where it is 
used in civil aviation for domestic flights and 
international flights originating in the United 
States because of its relatively low cost. It typi- 
cally has a flash point of 38°C and a freeze 
point maximum of —40°C [4]. 


6.2.1.2 Jet A-1 


Jet A-1 is available and used worldwide, 
including in the United States. It is virtually the 
same as Jet A in its basic properties, but with 
agreement between the supplier and purchaser, 
it may require one or more additives not usually 
required for Jet A (eg, static dissipater, icing 
inhibitor, or antioxidant). The flash point mini- 
mum is the same as for Jet A, but Jet A-1 has 
a lower freezing point maximum of —47°C [4]. 
The lower freezing point makes Jet A-1 more 
suitable for long international flights, especially 
on polar routes during the winter [5]. 


6.2.1.3 JP-8 


JP-8 is currently the dominant military jet 
fuel grade for NATO air forces [6]. Military 
aircraft have been using JP-8 since the 1980s 
[3]. JP-8 is essentially Jet A-1, but with the 
addition of a static dissipater additive, corro- 
sion inhibitor/lubricity improver, and fuel sys- 
tem icing inhibitor, and it may also contain 
antioxidant and metal deactivators [7]. Like Jet 
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A-1, it is specified to a maximum freezing 
point of —47°C and a flash point of 38°C. The 
US Air Force is in the process of converting 
the continental US operations from military 
specification fuel JP-8) to commercial specifi- 
cation jet fuel (Jet A) with specified additives 
to meet its performance requirements [8]. The 
impact this will have on future US global mili- 
tary operations is yet to be seen. 


6.2.1.4 JP-9 and JP-10 


JP-9 and JP-10 are specialty fuels designed 
for applications, such as air-launched cruise 
missiles, that require very clean-burning fuel, 
superior volumetric energy content, and low- 
temperature performance [5,9]. JP-9 has been 
replaced by JP-10 in most military applications 
[9,10]. JP-10 is a high-density synthetic missile 
fuel composed exclusively of Cio molecules 
[11,12]. It is tailored for operational use with 
high density as a primary requirement [13]. JP- 
10 is higher priced than kerosene jet fuel, 
because of a lower volumetric demand, and it 
is more expensive to make [14]. The Navy is 
exploring the potential of using JP-10 as a 
blending component with conventional fuels 
for applications in renewable missile or air- 
breathing rocket fuels [11]. 


6.2.1.5 Jet Fuels Containing Hydrocarbons 
From Nonconventional Sources 


Sasol’ semisynthetic fuel is a blend of con- 
ventionally produced kerosene and a synthetic 
isoparaffinic kerosene alone, or combined with 
Sasol heavy naphtha #1, and is specified in 
Defense Standard 91-91 [4]. Sasol fully syn- 
thetic fuel is a blend of up to five synthetic 
streams specified in Defense Standard 91-91 
(ASTM Specification D1655, Annex A1). These 
two semisynthetic jet fuels are said to have 
composition, properties, and performance that 
are essentially identical to conventional jet 


'Sasol Limited, Johannesburg, South Africa 
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fuels [15], and are considered acceptable fuels 
from nonconventional sources. 


6.2.2 Composition of Turbine Jet Fuels 


Conventional aviation turbine fuel consists 
of refined hydrocarbons derived from conven- 
tional sources including crude oil, natural gas 
liquid condensates, heavy oil, shale oil, and oil 
sands [4]. There is no standard formula for jet 
fuels because the exact composition of a jet 
fuel depends on the crude oil from which it is 
refined [16]. Kerosene-type jet fuels consist of 
hundreds of different carbons ranging from 8 
to 16 [5]. The major categories are n-paraffins, 
isoparaffins, cycloparaffins, and aromatics. 
Each effect on fuel properties is shown in 
Table 6.1 and Fig. 6.2. 

The proportion of these components 
depends on the source of the feedstock and 
refining processes used to produce the finished 
fuel. Between 75% and 85% of the fuel by vol- 
ume is made up of the paraffins (normal, iso-, 
and cyclo-paraffins, the latter also referred to 
as naphthenes), and the remainder from aro- 
matics (less than 25 vol.%) and olefins [17]. 
Some aromatics are required to ensure proper 
seal swelling, but above that amount they are 
the least desirable component. Differences in 
the proportions of these compound classes can 
result in differences in the bulk properties of 
the fuels [5], leading to adjustments in refining 
processes, blending, or use of additives to 
provide the required fuel properties. 

In addition to its primary function as an 
energy source for the jet engine, jet fuel also 
functions as hydraulic fluid and coolant. Fuel 
additives are added in small quantities to pro- 
vide specific performance properties such as 
enhanced fuel handling and maintenance [4]. 
Jet A in the United States typically has no 
additives, but it might include an antioxidant, 
while Jet A-1 typically includes a static 
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TABLE 6.1 Standard Specifications Used to Control 
Turbine Jet Fuel Quality 


Jet Fuel 


Class Characteristics Properties 


Paraffins and High heat release per Most desirable for 


isoparaffins unit weight [13], combustion 
burns cleanly [16], 
isoparaffins offer 
potential for low- 
temp fluidity not 
offered by n-paraffins 

Cycloparaffins Lower hydrogen-to- Next most 

(naphthenes) carbon ratio, lower desirable 
heat release per unit 
weight, greater 
density, lower freeze 
point than the 
paraffins [13] 

Olefins Good combustion Limited to 1% or 
characteristics, but less because of 
reactive gum formation 

Aromatics Burns witha smoky Least desirable 
flame, releases more with regard to 
of its chemical combustion 
energy as thermal characteristics 
radiation than other 
hydrocarbons (ASTM 
D1655-13) 

Heteroatoms Sulphur, nitrogen, Limited allowance 


oxygen [3] 


Ideal carbon length C8—C16 







aromatics 


iso paraffins 


Fractions vary 
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dissipater and possibly an antioxidant [5]. JP-8 
will contain a static dissipater, corrosion inhib- 
itor/lubricity improver, fuel system icing 
inhibitor, and possibly an antioxidant and 
metal deactivator [7]. Greater use of additives 
is the principal difference between commercial 
and military jet fuels, with US military jet fuels 
containing three or more additives [5]. 

Renewable routes offer the potential to pro- 
vide the most desirable hydrocarbon compo- 
nents to the mixture that petroleum refineries 
can produce. ASIM approvals to date 
have been on those components that are most 
desirable for combustion quality, isoparaffin- 
rich SPK. 


6.2.3 Approaches to Producing 
Alternative Fuels 


To help ensure an affordable and 
stable supply of environmentally progressive 
aviation fuels, the Federal Aviation 
Administration (FAA), in partnership with 
airlines, airports, and manufacturers, has 
launched the Commercial Aviation Alternative 
Fuels Initiative (CAAFI). With support from 
CAAFTI, and based on the positive results from 
a series of test flights from 2008 to 2011, the 


FIGURE 6.2 Hydrocarbon 


classes in jet fuel. 


e Paraffins (70-85%) (iso, normal, 
and cyclic, provide Btu content) 


e Aromatics (less than 25%) 
(poor combustion; some) 
needed to ensure seal swell) 


OA e Olefins (<1%) (gum formation) 
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aviation industry was given approval to use 
biofuels in passenger flights in the US as 
defined under ASTM Standard D7566. Some of 
these initial flights are shown in Appendix B. 

The fuels used for these demonstrations 
were developed from the Fischer—Tropsch 
(F—T) and the hydroprocessed esters and fatty 
acids (HEFA) processes. The F—T process is a 
commercially available technology for convert- 
ing natural gas and coal to liquid fuels. In this 
process, the fuels are reformed to produce syn- 
gas, a mixture of carbon monoxide and hydro- 
gen. Using the F—T process, the syngas reacts 
to produce a distribution of straight-chain 
alkanes. Jet fuel range hydrocarbons are possi- 
ble with this process, but with a high capital 
cost that has been a barrier to deployment, as 
associated capital investments can exceed 
$100,000 per barrel per day production capac- 
ity [18]. The HEFA process uses oil feedstocks 
from palm and soy, for example, and performs 
similar processes to those used in the petro- 
chemical industry to produce jet fuel range 
hydrocarbons. The process includes hydro- 
cracking of the large molecules, hydrodeoxy- 
genation, and hydrogenation to obtain 
paraffinic hydrocarbons. While this process is 
less capital cost intensive than the F—T pro- 
cess, it is over 80% dependent on the feedstock 
cost [18]. This dependency can open up oppor- 
tunities for technologies that utilize alternate 
feedstocks. 

The F—T and HEPA processes, as well as 
most of the ATJ processes that are the subject 
of this chapter, produce SPK, which consists of 
paraffin hydrocarbons that meet the require- 
ments of ASTM Specification D7566. Due to 
their production chemistries, SPKs do not con- 
tain the levels of aromatics and cycloparaffins 
required to meet standard specifications. As a 
result, they are blended up to 50% with 
petroleum-based jet fuel to provide these addi- 
tional compounds. When producing alterna- 
tive fuels using ATJ processes, this blending 
eliminates the need for aromatization of the 
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paraffins. These processes are discussed in 
Sections 6.3 and 6.4. 

If a drop-in fuel is required with no blend- 
ing of petroleum-based jet fuel, the alterna- 
tive fuel must contain the levels of aromatics 
and cycloparaffins required to meet ASTM 
D7566-13. This fuel is called synthetic kero- 
sene with aromatics (SKA). Process steps 
beyond those typically used in SPK produc- 
tion may be needed to achieve the levels of 
aromatics required for SKA jet fuel. These 
additional process steps are discussed in 
Section 6.5. 


6.2.4 Standard Specifications 


For all new fuel production processes, there 
is a rigorous evaluation process by ASTM 
before it can be used commercially. This covers 
use in the United States, but the approval 
agencies in other regions follow ASTM. 

Because of the complexity of aviation tur- 
bine fuels, the specifications have evolved over 
time into guidelines of performance more than 
composition [4]. For conventional jet fuels, if 
results from standard performance property 
tests fall within specified ranges, they are 
assumed to have acceptable composition to 
provide the performance required. This is not 
the case for new synthetic jet fuels containing 
hydrocarbons from nonconventional sources. 
While at least some of these new synthetic 
fuels may have composition and performance 
properties that are similar to conventional 
fuels, limited experience with them requires 
case-by-case evaluation. This is highlighted in 
Table 6.2, where conventional fuels require 
only reporting certain properties, whereas 
fuels mixed with synthetic hydrocarbons from 
sources such as FI-SPK or HEFA-SPK, 
described in Section 6.2.4, must meet specific 
standards. 

It is important to note that while initial 
requirements are more stringent for these new 
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fuels, once the requirements of ASTM D7566- 
13 are met and the fuel is certified and 
released, it is regarded as D1655 aviation tur- 
bine fuel [19], and any re-certification is done 
in accordance with Specification D1655. 
Further details can be found in Appendix A. 
Synthetic jet fuel has been produced 
and qualified for blending with petroleum 
jet fuels by ASTM through F—T, HEFA, and 
most recently, synthetic isoparaffins (SIP) 


(Farnesene). The ATJ pathway to produce 
SPK-type fuel has recently been submitted to 
the ASTM for review [20] and is expected to 
be approved for use by 2016. The ATJ pathway 
is of interest to CAAFI and FAA, both for 
a 50% blend as an SPK and eventually as 
a 100% replacement for jet fuel (ie, SKA). 
This route shares many similarities to the 
approved F—T production route as highlighted 
below (Fig. 6.3). 


TABLE 6.2 Example of Increased Specifications for Nonconventional Fuel Sources 


Fuel Property 
COMPOSITION 

Acidity (total mg KOH/g) 
Total aromatics (volume %) 
Aromatics (mass %) 
Cycloparaffins (mass %) 
Paraffins, (mass %) 


Carbon and hydrogen 
(mass %) 


Jet A Standard Specifications 


Conventional Jet A or Jet A-1 


Conventional Jet A or Jet 
A-1 (ASTM D1655-13) 


NON-CARBON COMPOSITION 


Sulphur (total mass %) 
Sulphur (mg/kg) 


Sulphur, mercaptan, mass 
percent 


Nitrogen (mg/kg) 
Water (mg/kg) 
Phosphorus (mg/kg) 
Metals (mg/kg) 


Fatty acid methyl esters 
(mg/kg) 


Halogens (mg/kg) 


Blended With 50% FT-SPK or 
HEFA-SPK (ASTM D7566-13) 


= 0.10 = 0.10 
<25 =>=8 <25 
report report 
report report 
report report 
report report 
=0.3 =0.3 
report report 
< 0.003 < 0.003 
report report 
report report 
report report 
report report 
report report 


100% FT-SPK or HEFA-SPK 
Blend Component for Jet A 
or Jet A-1 (ASTM D7566-13) 


report 
<0.1 per metal 


For HEFA-SPK <5 


<1 
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6.3 APPROACHES TO PRODUCING 
SYNTHETIC PARAFFIN KEROSENE 
(SPK) JET FUEL FROM ETHANOL 


Technologies for converting alcohols and 
other oxygenates to SPK jet fuel are being 
developed by several companies. A partial list 
includes BYOGY,* Cobalt,’ Gevo,* Swedish 
Biofuels, Terrabon,° UOP,  LanzaTech,® 
Zeachem,’ and Vertimass’” [21]. While these 
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companies use a variety of alcohols and 
oxygenated intermediates, this section focuses 
on the conversion of ethanol to SPK jet 
fuel. The pathways can be categorized accord- 
ing to the chemistry involved: (1) production 
through ethylene as an intermediate, (2) pro- 
duction through a propylene intermediate, 
(3) production through a higher alcohol inter- 
mediate, or (4) production through a carbonyl 
intermediate. 


un etroleum mri : Petroleum refinery operations 
iS => an) ===> Parnas n 
O | Crude oil | HH Reforming 
l | | fluid catalytic cracking 
© z Fischer-Tropsch alkylating, isomerizing 
A A OOOO Gasify (CO/H.) hydrotreating 
O €  Coal/naturalgas/ ;— z m _ „ Syncrude cracking, coking 
2 | biomass /MSW condition syn gas oil 
FT process 
™ Hydroprocessed esters & fatty acids (HEFA) 
o T . blending 
tA x l Oil extraction 
5 & Oilseed crops hydroprocessing ————~  Paraffins c 
q 


fractionation 


Fermentation 
hydrogenation 
distillation 





Sugars 


D7566 
Annex A3 


Alcohol to jet (ATJ) 


Alcohols 1. Dehydration 





D7566 
Annex A? 


FIGURE 6.3 ASTM pathways for synthetic kerosene. 


2?BYOGY Renewables, Inc., San Jose, CA. 
Cobalt Technologies, Mountain View, CA. 
4Gevo, Inc., Englewood, CO. 

“Swedish Biofuels, Lidingo, Sweden. 
°Terrabon, Inc., Houston, TX. 

7UOP, Des Plaines, IL. 

8] anzaTech Inc., Skokie, IL. 

°Zeachem, Inc., Lakewood, CO. 


10Vertimass, LCC, Irvine, CA. 
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CASE STUDY: LANZATECH PATHWAY TO CERTIFICATION 
WITH ASTM 


LanzaTech has been involved in navigating 
the certification process for new fuels since 
2010. The ASTM certification process for emerg- 
ing or new fuels is guided by individuals from 
the FAA and Southwest Research Institute 
(SwRI). The process is a collaborative effort 
amongst a variety of stakeholders, including 
fuel producers, research laboratories that per- 
form fuel testing, and engine and aircraft man- 
ufacturers, amongst others. This process can 
take several years, and requires different 


quantities of fuel, based on the type of testing, 
but these tests generally require larger volumes 
as testing progresses. Fuel producers are 
required to provide fuel samples and testing 
results for an ASTM research report that sup- 
ports final decision making. LanzaTech is cur- 
rently involved in the (ATJ) ASTM Taskforce, 
which is working through the qualification pro- 
cess for jet fuel produced from alcohols. The 
specific steps within this process are illustrated 
below: 


D4054 New Fuel/Additive qualification process 





Tier 2 


Fit-for-purpose 


Tier 1 
Specification 
properties 






properties 


Tier 4 


Engine/APU 
testing 


Phase 2 Research 
report 


© FAA review 


OEM review & approval 


To date, several sustainable aviation fuel 
pathways have been certified for 
including: 


use, 


1. Fischer—Tropsch hydroprocessed 
synthesized paraffinic kerosene (F—T) 

2. Synthesized paraffinic kerosene from HEFA 

3. Synthesized isoparaffins from 
hydroprocessed fermented sugars (SIP, 
farnesane) 






ey TALIA 
j a ANT 


g Rolls-royce 
AIRBUS 


OEM review & approval 
Tier 3 and Tier 4 requirements 





Phase 1 ASTM 


Research report 





Tier 3 


Component/rig 
testing 


ASTM balloting process === ily 


rema e 


A taskforce consisting of fuel producers 
and engine and airframe Original Equipment 
Manufacturers (OEMs) was created in 2010 to 
help certify the ATJ production pathway. A bal- 
lot for the production of SPK from an isobutanol 
feedstock is targeted to take place during the fall 
of 2015 with the issuing of the modified ASTM 
D7566 spec. LanzaTech has been actively work- 
ing with the OEMs and FAA to achieve approval 
of the ethanol feedstock shortly after this in 2016. 
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(cont'd) 


To aid this approval, LanzaTech has 
collaborated with Virgin Atlantic Airlines and 
HSBC to install a demonstration plant at its 
Freedom Pines facility in the United States. 
LanzaTech has a commercial licence for 
the PNNL ATJ conversion technology being 
employed, and has installed the largest etha- 
nol to jet fuel demonstration plant, completing 
key process scale-up milestones, including 
employing commercial catalysts and equip- 
ment. Project partners have guided the fuel 


ASTM certification progress 


Alcohol to jet (ATJ) pathway 
* Alcohol to jet fuel taskforce created in 2010 


testing plan, helping to ensure smooth 
approval through ASTM. LanzaTech and 
Virgin Atlantic will conduct a flight demon- 
stration in 2016 with sustainable aviation fuel 
produced from the Freedom Pines Facility. 
The initial feedstock for the ethanol is steel- 
making off-gases from the Beijing Shougang 
LanzaTech New Energy Technology Ltd. 
demonstration plant in China. This will be a 
first-of-its-kind demonstration of sustainable 
aviation fuel produced from waste gases. 


* Taskforce members: FAA, ATJ technology providers, airlines, engine OEMs, and rig manufactures 


* ATJ technology providers cooperating on ASTM pathway certification (Gevo, LanzaTech, Cobalt) 


Phase 1&2 Phase 3&4 


Fit-for-purpose 
> APU, &Engine > 


testing 


Spec testing 


Phase 9 


ASTM Spec 
incorporation 


Phase 5&6 


Phase 8 


approval 


Phase 6 


Research FAA 
report 


review 


Phase 7 | 


Nov 2015 

OEM request for 
additional phases 
and 4 data on ethanol 
feedstock 


| | 
FAA 5 f OEM 
review 


Current status: ATJ-synthetic paraffinic kerosene (SPK) ASTM approval 
lsobutanol feedstock: Stage 7 with pending ASTM ballot (expected Dec. 2015) 
Ethanol feedstock: Stage 1 & 2 With expedited path to ASTM ballot (expected Jun. 2016) 





well-developed and commercially practiced 
process. Braskem! opened an ethanol dehy- 
dration plant using bio-derived ethanol to pro- 
duce ‘green polyethylene’ in Brazil that has 
been operating since 2010. Ethylene monomer 


6.3.1 Ethylene Intermediate 


One approach to producing jet fuel is to 
dehydrate the ethanol to ethylene as an inter- 
mediate product. Ethanol dehydration is a 


"Braskem, Sao Paulo, Brazil. 
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is produced through dehydration of sugar 
cane-derived ethanol [22]. High ethylene yields 
are achievable. For example, one reported pro- 
cess achieves 99.7% ethylene selectivity at 
240°C using an HZSM-5 catalyst [23]. Hence, 
no technology development is required for this 
initial step. 

There are a variety of pathways to produc- 
ing jet fuel from ethylene. Although ethylene 
can be readily produced from ethanol, 
oligomerization of this intermediate product to 
jet-range paraffins can be challenging. The tra- 
deoffs of the available approaches are 
discussed in detail below. In all cases, follow- 
ing the oligomerization process, the products 
are hydrotreated to produce primarily jet 
range paraffin components. 


6.3.1.1 Direct Oligomerization of Ethylene 


The most straightforward route for convert- 
ing ethylene to jet and diesel fuels relies on a 
direct oligomerization approach. Fig. 6.4 shows 
an example of the direct ethylene oligomeriza- 
tion to jet fuel. Homogeneous-type catalysts 
have long been used to produce long-chain 
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alpha olefins for chemical use [24]. These cata- 
lysts have been used to selectively target more 
valuable olefins such as hexene and octene 
rather than producing a wide array of pro- 
ducts. The specific olefins generated are also 
used for co-monomers for the polymerization 
of linear, low-density, polyethylene as well as 
plasticizers, detergents, surfactants, and lubri- 
cants [25]. In homogeneous catalysis, the reac- 
tants, products, and catalyst are all in the same 
phase and often all dissolved in the same sol- 
vent. To be commercially viable catalysts for 
industrial processes, they must have a high 
turnover frequency. This allows them to be 
added in very small quantities. If not, the pro- 
cess becomes expensive and separation of 
product from the catalyst can be difficult. As a 
result, heterogeneous catalysts are generally 
preferred. 

One of the earliest heterogeneous olefin 
oligomerization catalysts is supported on poly- 
phosphoric acid. While this catalyst is inexpen- 
sive, it has struggled with low productivity, 
poor thermal stability, poor flexibility to con- 
trol the product composition, and corrosion 
issues. As a result, recent studies have focused 
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FIGURE 6.4 Process flow diagram of direct oligomerization of ethylene. 
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on ethylene oligomerization with zeolites and 
acidic mesoporous catalysts. These acidic cata- 
lysts oligomerize olefins through carbocation 
intermediates. Because of the greater stability 
of tertiary carbocations, they generate highly 
branched hydrocarbons, which results in an 
improved product with lower melting point. 
Ethylene oligomerization using ZSM-5 zeolite 
was investigated to study the role of Bronsted 
acid sites in the formation of higher hydrocar- 
bons [26]. The oligomerization of olefins is 
dependent on the acidity of ZSM-5 zeolite, 
and can be increased by dealuminating for 
different periods according to the acidic ion- 
exchange method to produce ZSM-5 with 
various Si/Al ratios. The performance of 
dealuminated zeolite was tested for ethylene 
oligomerization. The result demonstrated that 
the dealumination of ZSM-5 led to slightly 
higher ethylene conversion and jet fuel 
range production, as seen in Table 6.3. This 
table illustrates low conversions and selectivity 
toward short olefins rather than jet fuel. As a 
result, these processes would require signifi- 
cant recycle to obtain the Cjj—Cie6 range 
olefins. 

One way to extend the hydrocarbon chain 
length and improve jet fuel yield is to incorpo- 
rate active metals (ie, nickel) into zeolites, and 
amorphous or mesoporous silica-alumina 


TABLE 6.3 Direct Ethylene Oligomerization With 
ZSM-5 and Its Derivatives [26] 


Selectivity of 


Ethylene Hydrocarbons 


Conversion 
Catalyst? (%) 


ZSM-5 14 0.3 93.9 5.8 
DZ-1 21:7 6.4 85.9 73 
DZ-2 15.9 17.2 76.4 6.3 
DZ-3 16.4 18.4 74.2 7.4 


“DZ-1, 2, and 3 are ZSM-5 catalyst treated with 1 N HCI for 12, 24, and 


36 h dealumination time, respectively. 


C3—C4 C5— Cio Cyi- Cis 
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catalysts. In the latter case, conversion of ethyl- 
ene typically reaches 97-99%, but the yields of 
Cio+ oligomers have been reported at no 
more than ~30—35% by mass [27,28]. 

Following the oligomerization step, the 
alpha olefins are hydrogenated to saturation at 
high hydrogen partial pressures. Hydrotreating 
is a well-developed technology in the petro- 
chemical industry, and these olefins require rel- 
atively modest levels of hydrogen, pressure, 
and temperature conditions to achieve near 
100% conversions to paraffins [29]. 

In summary, although this direct ethylene 
to jet process is the simplest available, its selec- 
tivity is not high and significant recycle would 
be required. Furthermore, the economics of 
these reactions have not been favourable; as a 
result, progress on this process has been mini- 
mal. Therefore, it has not been developed 
beyond the laboratory. 


6.3.1.2 Conversion of Ethylene to 
Intermediate Olefins for Oligomerization 


Because oligomerization of ethylene is diffi- 
cult, alternative pathways have been devel- 
oped that first convert the ethylene to an 
intermediate olefin prior to oligomerization to 
jet fuel-length olefins. This two-step process 
consists of conversion of ethylene to a mixture 
of C4—Cıo and is only slightly more compli- 
cated than the direct ethylene process. These 
higher olefins are more easily oligomerized to 
jet fuel than ethylene itself. Butene and hexene 
are considered here, although these processes 
generally use a range of intermediates. 

Butene Intermediate. The first step in convert- 
ing ethylene to butene produces olefins, pri- 
marily in the C4 and Cęẹ range. One possible 
catalyst is the heterogeneous nickel-exchanged 
AIMCM-41. The test results for this catalyst at 
150°C and 3.5 MPa for a reaction time of 1h 
are shown in Table 6.4 [30,31]. Both linear and 
branched olefins are produced by this type of 
catalyst [32]. 
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Using a homogeneous catalyst based on tita- 
nium tetrabutoxide and triethylaluminum, 
conversions of ethylene in excess of 95% have 
been achieved with product selectivity primar- 
ily to butene (~80%) and hexene (16—18%) 
[33]. Separation of this catalyst is required 
following the reaction. This is achieved by 
hydrolysing the catalyst with water to produce 
a filterable TiO, precipitate. 

Once butenes are produced, they can be oli- 
somerized selectively to jet fuel range oligo- 
mers. A Cj. hydrocarbon stream can _ be 
produced via a subsequent trimerization of n- 
butene with Ni-doped HZSM-5 [34,35]. 
Conversions of 77.5 wt% with selectivities of 
50.5 wt% for Cy. have been achieved. The 
remaining products are primarily Cg with a 
small fraction of C16. This product has excel- 
lent cold-flow properties. Using a zirconium- 
based methylaluminoxane homogeneous cata- 
lyst, near 100% conversion is possible with a 
selectivity of 75% jet fuel range olefins [30]. 
Isobutene oligomerizes to C12 more easily than 
other isomers with selectivities of more than 
90% [36]. As with the direct ethylene conver- 
sion process, the final step is to hydrotreat the 
a-olefins to produce a paraffinic product. 

These results indicate that butene intermedi- 
ates are a viable approach to producing jet fuel. 
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Single pass yields can be as high as 70% 
and higher yields can be achieved with ade- 
quate recycle. The processes for converting both 
ethylene to butene and subsequently butene to 
higher hydrocarbons are commercially available 
at full scale. For the former reaction, homoge- 
neous catalysts are generally used because 
heterogeneous catalysts such as AIMCM-41 are 
not yet commercially available. The latter reac- 
tion is commonly done in the petrochemical 
industry using feedstocks between C and C, 
with a heterogeneous phosphoric acid catalyst. 
Hexene Intermediate. The use of 1-hexene as 
an intermediate between ethylene and jet fuel 
is another way to overcome the difficulties of 
the direct ethylene to jet range hydrocarbons 
with a similar level of added complexity as the 
butene route described above. 1-Hexene can be 
efficiently generated from ethylene with the 
aid of a variety of homogenous catalysts via 
trimerization [37]. This technology has a turn- 
over frequency of more than 17,000, which is 
high enough to make it economical for indus- 
trial processes, and is well developed. A new 
plant has been developed using Chevron 
Phillips Chemical’s proprietary homogeneous 
chromium-based catalyst technology to convert 
ethylene to 1-hexene with ‘exceptional product 
purity’ [38]. Selectivities of 93 wt% have been 


TABLE 6.4 Catalytic Behaviour of Ni-MCM-41 Catalysts for Ethylene Oligomerization [30,31] 


Catalyst Average Activity 

Nickel Loading (g/gh) C4 
Nil.4-MCM-41(3.5) 89 48 
Ni2.0-MCM-41(3.5) 150 45 
Ni5.6-MCM-41(3.5) 149 42 
Ni7.5-MCM-41(3.5) 126 46 
Nil.4-MCM-41(10) 113 44 
Ni2.0-MCM-41(10) 158 40 


“TOF (turn over frequency) = (activity/28)/(Ni wt%/58.7). 


Selectivity (%) 


C6 C8 C10 C12+ TOF° (h~’) 
14 7 0 13,330 

33 15 5 2 15,720 

37 16 4 1 5580 

35 15 4 0 3520 

35 15 5 1 16,920 

33 16 7 4 16,560 
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achieved [39]. An example process flow dia- 
gram is shown in Fig. 6.5. 

Once 1-hexene is produced, conversion of 
1-hexene to jet fuel can be performed with 
a homogeneous Cp2ZrCl>/methylaluminoxane 
catalyst at ambient temperature and pressure, 
resulting in 100% conversion of 1-hexene with 
greater than 80% selectivity to a mixture of the 
dimer and trimer that can be separated to 
produce jet and diesel fuels. The dimer can be 
used for jet fuel. The trimer is very desirable 
for diesel due to a high cetane number [40]. 
Once again, a mild hydrotreating is required as 
a final step. 
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6.3.2 Propylene Intermediate 


It is possible to convert the ethanol to propyl- 
ene as an intermediate rather than to ethylene, 
as shown in Fig. 6.6. Propylene is more easily 
oligomerized than ethylene. Because the second 
intermediate is removed, it is a simpler process 
than described in the previous section. It does 
however produce lower yields, requiring higher 
recycles than the butene intermediate pathway. 
With increased temperatures, the conversion of 
ethanol increases, but selectivity becomes domi- 
nated by the dehydration reaction to ethylene 
rather than propylene production. 
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An HZSM5-type zeolite containing alkaline 
earth metals can achieve yields of only 32% 
[41]. In addition, butene is formed. Both of 
these intermediates can then be oligomerized 
to jet fuel constituents. Inoue [42] has also 
reported similar yields for this reaction with an 
La-modified HZSM5 zeolite with a SiO>/AI,O3 
ratio of 280. To enhance the propylene produc- 
tion, the strength of the zeolite acidity needs to 
be reduced. The modification with alkaline 
earth metals, Sc, and La, and the dealumination 
of HZSM5 zeolite, seem to help with propylene 
production. The proposed mechanism for pro- 
pylene production involves first ethanol dehy- 
dration and ethylene oligomerization/cracking 
to propylene in a 1-reactor process [42]. In spite 
of these modifications to improve the catalyst, 
these processes generate low-molecular-weight 
alkanes, which are not useful in the production 
of jet fuel. 

Nickel ion-loaded mesoporous silica at 673K 
can achieve 68% conversion of ethylene with a 
propylene selectivity of 48%. A similar process 
is claimed with ethanol to propylene. The pro- 
posed reaction mechanism involves dimeriza- 
tion to butene followed by metathesis of 
butene and ethene to yield propene. As a 
result of this mechanism, butene is a major by- 
product (~40% selectivity) that can likewise 
be converted to jet fuel [43]. 

Once propylene is produced, catalysts are 
available for the oligomerization reaction, 
although their selectivity to jet fuel is not as 
high as butene oligomerization. Partial substitu- 
tion of aluminium atoms in ZSM-5 zeolite by 
Zirconium atoms results in a catalyst with mod- 
erate acidity, medium pore size, and improved 
catalytic properties. Documented yields to jet 
fuel have been less than 35% [44]. To improve 
the selectivity toward jet fuel, a less reactive cat- 
alyst, solid phosphoric acid, is preferred. The 
carbon number distribution during catalysed 
propene oligomerization is limited, resulting in 
a kerosene-rich product, especially during tetra- 
mer mode of operation. UOP has licensed more 
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than 250 catalytic condensation units using a 
proprietary solid phosphoric acid catalyst to 
polymerize propylene to nonene and the pro- 
pylene tetramer [45]. Propylene conversion is 
about 90% to the propylene trimer and tetramer 
with selectivities of 60% and 30%, respectively 
[46]. The catalyst’s drawbacks are its shorter 
lifetime and lower structural stability. 


6.3.3 Higher Alcohol Intermediate 


Carbon—carbon coupling of alcohols is com- 
monly regarded as the Guerbet reaction, 
named after its inventor, Marcel Guerbet [47]. 
The overall Guerbet reaction for ethanol cou- 
pling to butanol involves dehydration of two 
molecules of ethanol (Eq. 6.1). 


2CH3CH2OH — CH3CH2CH»CH2OH + H2O 
(6.1) 


At least two pathways have been proposed 
for the Guerbet reaction mechanism. The 
most commonly accepted route includes dehy- 
drogenation of ethanol to acetaldehyde, self- 
adolization of the acetaldehyde, dehydration, 
and hydrogenation to form butanol [48,49]. Note 
that hydrogen used for hydrogenation in this 
pathway is derived through hydrogen transfer 
reactions. A second proposed pathway involves 
direct condensation of two ethanol molecules, 
shown to be the dominant pathway using 
hydroxyapatite catalyst [50]. Formed butanol can 
subsequently undergo additional Guerbet reac- 
tions with other butanol molecules or ethanol. 
Butanol and higher alcohols can then be dehy- 
drated to mixed olefins, which can be used to 
make jet range fuel via the same oligomerization 
reactions discussed in the previous sections. 

A variety of homogeneous, homogeneous / 
heterogeneous, and heterogeneous catalyst 
systems have been studied for the Guerbet 
reaction [48]. Homogeneous systems have 
generally used KOH or NaOH. These must 
be neutralized and disposed of, making the 
process expensive. Favourable activity and 
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selectivity have been reported for various basic 
oxide catalysts, including MgO, Mg/Al mixed 
oxides, hydroxyapatites, and others [48]. 

Hc Noy, , 1/20. —> 


RQ + H2O 


(6.2) 


H3C O 


QS — 
as No | ao + H,O 


(6.3) 
ac’ VS, + 2H, > aa 
(6.4) 


While higher alcohols undergo the Guerbet 
reactions more easily, ethanol is more resistant to 
the dehydrogenation reaction, [51]. Rittonen 
et al. [52] reported 25% ethanol conversion 
with 80% selectivity to 1-butanol over alumina- 
supported nickel catalysts. Tsuchida et al. [53] 
reported 20% conversion and 70% selectivity 
using hydroxyapatite. The heterogeneous 
catalysts for this reaction are not commercially 
available and the base-catalysed reaction has 
waste disposal issues. As a result, an improved 
catalyst is needed to achieve reasonable conver- 
sions of ethanol to higher alcohols before it can 
be used on a large scale. 

Abengoa”? is developing Guerbet chemistry 
to catalytically convert ethanol to butanol for 
sale into the value-added chemicals market [54]. 
Butenes obtained from butanol dehydration 
can easily be oligomerized to jet fuel range 
components (Section 6.4.3). 


6.3.4 Carbonyl Intermediate 


Jet fuel can also be produced from alcohols 
through a carbonyl intermediate via hydrofor- 
mylation or ‘oxo synthesis’. This approach is 


12 Abengoa, S.A., Seville, Spain. 
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being developed by Swedish Biofuels. 
Hydroformylation is an important industrial 
process, producing aldehydes for final products 
as well as important intermediates in the 
production of numerous bulk and specialty 
chemicals [55]. Companies that employ hydro- 
formylation processing include BASF, Exxon, 
Shell, Sasol, Dow Chemical, and Mitsubishi [55]. 

The general process configuration is shown 
in Fig. 6.7. The sequence is similar to that 
described in Section 6.3.2, but also includes an 
oxo synthesis step and a second dehydration 
step to produce higher olefins than ethylene 
for further processing, thus making it more 
complicated than many of the other processes 
discussed previously. 

Hydroformylation is a homogeneously 
catalysed industrial process in which alkenes 
are reacted with syngas (CO and Hz) to pro- 
duce aldehydes, Eq. (6.5), resulting in the 
addition of a formyl group (H-C =O) and a 
hydrogen atom to the carbon double bond 
of the alkene. 


Aldehyde 
(linear and branched) 


(6.5) 


Alkene + CO + H, > 


Industrial processes use either Co- or Rh- 
based homogeneous complexes, with most 
relying on Rh-based systems [56]. Cobalt- 
based catalysts are active at high pressure 
(100—300 atm), while Rh-based catalysts are 
active at atmospheric pressure. Golubkov [57] 
suggests hydroformylation of ethylene can be 
performed with Co-carbonyl catalyst at 160°C 
and 30 MPa, with Co catalyst modified by 
phosphorus compounds at 175°C and 7.5 MPa, 
or with Co-Rh catalyst at 90°C and 2 MPa. 
Researchers have demonstrated propanal for- 
mation at such mild conditions as 100°C and 
250 psig with high product yield [58]. 

The aldehydes produced in hydroformyla- 
tion, such as propanal, are then hydrogenated 
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FIGURE 6.7 Process flow diagram of ethylene conversion with hydroformylation process. 


into an alcohol, Eq. (6.6), for further processing 
to final fuels. 


Aldehyde + H; > Alcohol (6.6) 


This reaction occurs at reactor conditions of 
150+50°C and 1—2 MPa in the presence of Ni 
catalyst [57]. Certain catalyst systems enable 
hydroformylation and hydrogenation in one reac- 
tor, directly producing an alcohol in a single step. 

The resulting olefin mixture can then be con- 
verted to jet fuel with processes similar to those 
described in Section 6.3.2. Oligomers falling 
within the jet fuel carbon number fraction are 
separated and hydrogenated into jet fuel. The 
advantage of this approach is that olefins higher 


than ethylene are produced, which are more eas- 
ily oligomerized than ethylene. The disadvantage 
of this approach is that a source of renewable, 
inexpensive syngas (eg, biomass and/or waste 
gas) is needed for the hydroformylation step. 


6.3.5 Summary of Ethanol Processes 


A summary of the evaluated ethanol pro- 
cesses based on publically available information 
is provided in Table 6.5. The processes are com- 
pared based on the following: fraction of ethanol 
converted to jet fuel, process simplicity, required 
feedstocks, cost of the catalyst, and the develop- 
ment level of the technology. In some cases, two 
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TABLE 6.5 Comparison of Technologies for Conversion of Ethanol to Jet Fuel 


Ethanol 
Converted Minimum Low Well- Company 
to Jet Process Added Catalyst Developed Developing 
Process Used Fuel? Simplicity’ Feedstock“ Cost“ Process® Technology’ Notes 
ETHYLENE INTERMEDIATE 
Direct to jet F G G G F None Produces primarily low 
MW oligomers 
Butene G G G F F/E None Selective to good jet fuel 
intermediate (only published data is for 
homogeneous catalysis) 
Hexene F F E G B/E None Only published data is for 
intermediate homogeneous catalysts, 
process control issues 
Propylene F G G G F/E None Low ethanol-to-propylene 
intermediate Conversion 
Higher alcohol F G F F F None Guerbet reaction obtains 
intermediate low yields with ethanol 
Carbonyl G F F F G Swedish Requires syngas and 
intermediate Biofuels expensive catalysts 


“Ethanol Converted to Jet Fuel: (E) Excellent, >90%; (G) Good, 70—90% ; (F) Fair, 30—70%; (P) Poor, <30% (fraction ethanol to jet fuel). 

Process Simplicity: (E) Excellent, <5; (G) Good, 5—10; (F) Fair, 10—15; (P) Poor, >15 (major unit operations). 

“Minimum Added Feedstock: (E) Excellent, Only ethanol; (G) Good, H, for mild hydrotreating; (F) Fair, Other gases. 

“Low Catalyst Cost: (E) Excellent, Simple zeolite; (G) Good, Metal-doped or highly de aluminated catalyst; (F) Fair, Precious metal or not developed. 
“Well-Developed Technology: (E) Excellent, Industrial; (G) Good, Pilot-scale; (F) Fair, Laboratory-Scale; (P) Poor, Not yet demonstrated. 

‘None’ is used to denote cases where no company could be identified through this review. 


scores are given since the first step is not well 
developed but the second step is an industrial 
process. The table also provides examples of 
companies that are currently developing the 
technologies. As can be seen from the table, 
each technology has its own advantages and 
disadvantages. Simple processes tend to have 
low jet fuel yields. Improved processes generally 
result in more-complex additional feedstocks or 
more-complicated catalysts. In most cases, sig- 
nificant technology development is still required 
to achieve commercialization and ultimately 
cost-competitiveness. 


6.3.6 Higher Alcohols 


Other alcohols besides ethanol are further 
along in the development of a process to 


produce jet fuel. Normal butanol is primarily 
produced from petrochemicals using propylene 
feedstock and hydroformylation. It can also be 
made by fermentation of sugars using the 
Clostridia class of bacteria based on the well- 
known acetone-butanol-ethanol (ABE) fermen- 
tation process. Isobutanol is also produced 
using alcoholic fermentation with genetically 
modified yeast cells [59]. These higher alcohols 
have higher energy content and lower water 
solubility than ethanol. With rather minor 
changes, an ethanol plant can be repurposed to 
produce butanol [60], but with a lower volu- 
metric yield of alcohol. In addition, butanol and 
other higher alcohols have an advantage in that 
they dehydrate at lower temperatures and pres- 
sures than ethanol, and their derivatives easily 
oligomerize with higher yields toward jet fuel. 
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CASE STUDY: ETHANOL TO JET-LANZATECH APPROACH 


LanzaTech has developed a novel carbon 
recycling technology that captures and 
reuses waste gas emissions for fuel and chemi- 
cal production. Proprietary microbes consume 
waste gases to make alcohol, much like yeast 
consuming sugars to make beer in a brewery. 
This alcohol is then be converted to jet fuel 


Alcohol to jet (ATJ) pathway 





Water 


LanzaTech’s ATJ pathway is the process pio- 
neered by PNNL and scaled up by LanzaTech 
and partners. It involves the conversion of etha- 
nol to a synthetic paraffinic jet fuel blendstock 
(50/50 blend with conventional fuel) using an 
ethylene intermediate. The project will produce 
fuel to support testing and pathway certification. 
Key data will also be collected via a world-first 
test flight using steel mill gas-based ethanol as a 
feedstock. 

Certification will enable the fuel to be used 
commercially throughout the aviation sector. The 
fuel is being produced at LanzaTech’s Freedom 
Pines Biorefinery in Soperton, GA. 

Image of LanzaTech’s Freedom Pines 
Biorefinery plant in Soperton, GA. 

In making steel, impurities are removed from 
iron ore and carbon is added. In fact, steel is 


through a series of catalytic steps in the ATJ 
pathway. 

LanzaTech’s microbes can use a variety of 
gas streams, including industrial emissions that 
would otherwise enter our atmosphere. The 
alcohol feedstock used for this project came 
from captured steel mill emissions in China. 


A novel route to synthetic jet fuel 


essentially an iron alloyed with carbon. Carbon 
monoxide is produced as a side product. 
That CO is converted into CO, in the atmo- 
sphere. The magic of the LanzaTech/PNNL jet 
fuel process is that it starts with a waste gas, 
produced as a co-product of steel, and using a 
combination of biotechnology and catalysis con- 
verts that gas into a liquid fuel that exceeds the 
standards required to propel jet aircraft. 

In the bigger picture this is the epitome of 
recycling. We think about recycling aluminium 
or plastic. Now we should add carbon recycling. 
Carbon is part of our everyday life. It is the back- 
bone of food, chemicals, materials, and fuels. The 
ability to take carbon that is already in the cycle 
prevents us from needing to take carbon from the 
ground. There are many sources of carbon that 
today are underutilized. Most of it is also highly 
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(cont'd) 


distributed. A central goal of technology develop- energy-efficient means for converting (recycling) 
ment should be to consider this resource — some that carbon into the fuels and chemicals we need 
wet, some dry, some gaseous — and develop in our world. 
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Steelmaking, ferroalloy production, and other industrial 
processes use carbon asa reagent 


Transporation fuel 


High energy density fuels allow for cars, boats, and planes 


Chemical products 
Carbon forms the backbone of all organic chemical 
and material products 
Nutrition 


Our Bonen is entirely dependent on carbon, 
as is all of the food that we eat 
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FIGURE 6.8 Process flow diagram of the butanol to jet fuel process. 


UOP, Gevo, and Cobalt/US Navy reasonably simple process (Fig. 6.8). The 
based their ATJ technology on butanol. conversion of butanol to butene has a conver- 
In all three cases, the alcohols follow the sion rate of 98—99% using gamma alumina, 
basic process of dehydration, oligomerization, Mg-modified gamma alumina, or ZSM-5 
and hydrogenation to produce jet fuel in a_ catalysts. 


130 






Ethanol 





Recycle 
Heaters and 
vaporizers 


Reactors 


Heat recovery 
and condenser 


Water 


The butenes can then be converted to higher 
olefins using similar processes as described 
in Section 6.3. Unreacted butene and its dimer 
Cg from oligomerization can be recycled or 
sent to a separate dimerization reactor. The 
final olefin product is hydrotreated to produce 
SPK jet fuel. Both Gevo and Cobalt/Navy pro- 
duce a highly branched jet fuel. The Gevo pro- 
cess is based on isobutanol from fermented 
sugars [59], while the Cobalt process is based 
on the use of n-butanol and Ziegler—Natta 
chemistry [61]. 


6.4 ADJUSTING THE AROMATIC 
CONTENT OF THE PRODUCT 


As noted in Section 6.3, conventional jet 
fuel can have an aromatic content of up to 
25 wt%. Paraffinic hydrocarbons alone cannot 
meet all jet fuel specifications, but can be 
blended with conventional jet fuel. Producing 
a 100% replacement fuel (SKA-type fuel) 
requires a certain amount of aromatic mate- 
rial. This can be made directly from ethanol or 
through an olefinic intermediate. It is an 
advantage of alcohol conversion technologies 
that both aromatics and paraffin production is 
possible. However, making aromatics as a 
blending agent with conventional jet fuel is 
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FIGURE 6.9 Single-step process 


Fractionator for aromatic production. 
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not desired, as aromatics provide poor com- 
bustion characteristics. Blending conventional 
fuels with renewable aromatics leads to a jet 
fuel that can easily exceed aromatic content 
limits. 


6.4.1 Ethanol to Aromatics 


Catalytic production of hydrocarbons from 
ethanol has been reported by many research- 
ers. In most cases, this reaction is performed 
with H-ZSM-5 zeolite catalysts [62]. Aromatics 
can be produced directly over high- 
temperature zeolites. This process consists of a 
single-step heterogeneous catalysis and is simi- 
lar to the commercial ExxonMobil Methanol- 
to-Gasoline process, as shown in Fig. 6.9. The 
advantages of this process are that it is simple, 
well-established, and may have no hydrogen 
demand. However, the selectivity to the jet 
fuel range is poor. Costa et al. [63] reported 
yields of Cy aromatics in the 2—11 wt% range, 
and Cio aromatics in the 2-7 wt% range. 
Furthermore, the high temperatures required 
to produce longer-chain hydrocarbons in 
the jet fuel range generally produce more 
aromatics (~60%), while lower temperatures 
produce fewer aromatics (~20%) but shorter 
chain hydrocarbons. This is shown in 
Table 6.6. 
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TABLE 6.6 Products from Zeolite at Different 
Temperatures [64] 


Temperature Product 
175—250°C Primarily diethyl ether. 

280°C Dehydration to ethylene begins. 
300—360°C  Oligomerization, dehydrocylization, 


hydrogenation, cracking with carbon 
numbers between C, and C42. Liquid 
product is ~70% aromatic, 10% paraffinic, 
and 10% naphthalene, and balance is mostly 
naphthenic with a small amount of olefins. 


Above 360°C Cracking predominates, increased gas, 
decreased liquid products. 


6.4.2 Olefins to Aromatics 


Aromatics can also be formed from the 
oligomerization-derived olefins. This reaction 
is similar to some of the chemistry that drives 
the reaction from ethanol to aromatics 
described in Section 6.4.1 [65]. In a zeolite sys- 
tem, yields to Cọ+ aromatics are 10 wt% or 
less [66]. A two-step scheme, as described in 
Ref. [67], would take the aromatics derived 
from the zeolite system and alkylate them with 
light olefins to create distillate range material 
(Cio+) with a yield of 30 wt%. 


6.4.3 Biomass Liquefaction 
to Hydrocarbons 


Aromatic blendstocks can also be derived 
from the direct liquefaction of biomass. Direct 
liquefaction processes include fast pyrolysis, 
catalytic fast pyrolysis, hydropyrolysis, and 
hydrothermal liquefaction. These processes are 
discussed in further detail in other chapters, 
but briefly, pyrolysis-type processes involve 
making contact between dried, ground bio- 
mass and a heat carrier at approximately 
500°C and atmospheric pressure. Residence 
times are short (on the order of 1—2 s), and the 
produced vapours are rapidly cooled to 
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prevent further reaction. Organic liquid yields 
for uncatalysed pyrolysis are feedstock- 
dependent and can range from 40 to 65 wt% 
on dry biomass [68]. The oxygen content of the 
bio-oil is 35—40 wt%. Catalytic pyrolysis 
involves making contact between catalysts, 
such as zeolites, and pyrolysis vapours prior 
to cooling. The resulting bio-oil has a much 
lower oxygen content, with the exact amount 
dependent upon operating conditions. 
Hydropyrolysis requires contact between 
the biomass and a catalyst in the presence 
of hydrogen at approximately 300 psig. 
Hydrothermal liquefaction differs significantly 
from the pyrolysis-type processes. Wet feed, 
typically a slurry of 10—20 wt% solids, is pro- 
cessed at 350°C and 3000 psia. High pressure 
is needed to maintain water in the condensed 
state at the reaction temperature. Residence 
times are longer than pyrolysis processes, typi- 
cally 20—30 min [69]. 

Each process generates a bio-oil that is rich 
in aromatic and naphthenic compounds, but 
also contains a significant amount of oxygenated 
species. Hydrodeoxygenation and hydrocrack- 
ing are necessary to produce a hydrocarbon fuel 
product in the desired boiling range. 

Envergent is a joint venture between Ensyn 
(a fast pyrolysis vendor) and UOP (a petro- 
leum refining process vendor that also per- 
forms hydrotreatment) with the goal of 
commercializing pyrolysis and hydrotreating 
for liquid transportation fuel production [70]. 
GTI is in the process of licensing hydropyroly- 
sis [71]. The National Advanced Biofuel 
Consortium has recently concluded studies 
regarding hydrothermal liquefaction [72]. 


6.5 MARKET DRIVERS FOR 
ETHANOL TO JET FUEL 


This section identifies potential drivers for 
considering jet fuel production from low-cost 
renewable ethanol rather than selling ethanol 
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directly as a commodity chemical. To make 
this comparison, the value of ethanol relative 
to jet fuel in terms of its properties, price, 
and market size are evaluated. Changes to the 
market that make ethanol-derived jet fuel 
blendstocks more attractive to produce than 
petroleum-based fuels are discussed. The 
influence of government taxes and incentives 
both within the United States and abroad is 
also addressed. 


6.5.1 The Need for Alternative Jet Fuel 


There is significant interest within the avia- 
tion industry for affordable, high-quality alter- 
native fuels [73]. High fuel prices, fuel price 
volatility, the desire to reduce GHG emissions, 
and the fact that some governments are con- 
sidering or are implementing carbon emissions 
penalties for aviation make using low-carbon 
fuels attractive and beneficial [74]. There are 
three primary reasons that aviation has a 
strong need for non-petroleum-based jet fuel: 
cost, climate change, and national security. 


6.5.1.1 Fuel Cost 


Airlines are particularly vulnerable to petro- 
leum price swings. For example, from 2001 to 
2012, the price of crude oil increased by 262%. 
As a result, fuel now accounts for nearly 40% 
of an airline’s total operating costs [2]. The 
risks associated with fuel price fluctuations 
inhibit the airline industry’s growth. Due to 
the competitive nature of the airline industry, 
airlines may not always be able to pass their 
costs of higher gas prices to their consumers 
by increasing fares. To address potential fuel 
increases, hedging is used to minimize this 
risk. Such hedging can be risky and costly 
itself. As a result, in a fluctuating market, the 
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airline companies instead may be reluctant to 
expand their market and may even reduce 
capacity to address possible fuel price changes. 
Additionally, they may lease or purchase 
fewer new aircraft in preparation for possible 
fuel upswings. Having a steady fuel price 
would be good for both airline companies and 
consumers. 


6.5.1.2 Climate Change 


Concerns about climate change have 
brought increased consumer and governmen- 
tal pressure for the industry to be environmen- 
tally sustainable. The airline industry has 
increased engine efficiency and reduced emis- 
sions per passenger mile. For example, 
Boeing’s 787 jet is reported as producing 20% 
lower emissions per passenger than similar- 
sized planes [75]. The industry is now looking 
to alternatives to further reduce CO, emis- 
sions. The use of renewable fuels and 
improved aircraft together are expected to 
play an important role in making this possible. 
Aviation biofuels are cleaner, with around an 
80% reduction in CO, life cycle emissions com- 
pared with fossil jet fuel [76]. In an effort to 
increase the rate of development of renewable 
jet fuel, both the United States government 
and industry have set targets, created organi- 
zations to further this work, and funded 
demonstrations. 

The environmental profile of jet fuel pro- 
duced from ethanol can be assessed with stan- 
dardized environmental life cycle assessment 
(LCA) methods.'’ Arriving at a complete 
understanding of the environmental impacts, 
such as GHG emissions or energy demand, 
requires an investigation into each step of the 
value chain to understand the implications 
of material processing and transport as the 


"International Organization for Standardization (2006) ISO 14044: Environmental Management—Life Cycle 


Assessment—Requirements and Guidelines. 
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feedstocks are transformed into higher-value 
products. For the ATJ process envisioned by 
LanzaTech and collaborators, this value chain 
involves the following: (1) feedstock prepara- 
tion, either by growing, harvesting, transport- 
ing, and gasifying biomass, or by capturing 
carbon-containing industrial waste gases; (2) 
ethanol production via fermentation; (3) etha- 
nol transport if needed; (4) upgrading to jet 
fuel; (5) jet fuel transport; and (6) jet fuel 
blending and combustion as a transportation 
fuel. Inputs of materials and energy must be 
tracked at each of these life cycle stages, and the 
embodied environmental impacts associated 
with these inputs can be quantified with life 
cycle inventory databases and LCA software 
modelling packages that utilize transparent and 
accepted impact assessment methods. A clear 
carbon accounting process is also important in 
the ultimate quantification of GHG emissions, as 
carbon moves into and out of the fuel life cycle 
in different locations and in different forms. 
Initial LCA studies of jet fuel have been con- 
ducted by Michigan Technological University 


133 


researchers in collaboration with LanzaTech 
and PNNL. In this study, ethanol was pro- 
duced by fermentation of carbon-containing 
gases from either basic oxygen furnace (BOF) 
waste exhaust streams, or a variety of biomass 
streams that were grown, harvested, trans- 
ported, and gasified to a syngas blend of CO 
and H3.“ Ethanol was then upgraded to a mix 
of jet fuel and other hydrocarbon fuels using 
catalytic technology (provided by PNNL) 
under a range of operating parameters. 
Abbreviated results are shown below in 
Table 6.7 to illustrate the general LCA results 
for cumulative GHG emissions of LanzaTech- 
PNNL jet fuel and emissions reductions com- 
pared to traditional fossil-derived jet fuel, 
after allocation of emissions between final 
fuel products was performed on the basis of 
energy content. This data serves to illustrate 
a few important points surrounding our initial 
modelling and evaluation of these conversion 
systems. Presentation of stage-by-stage results 
depends on important assumptions surround- 
ing carbon accounting: here, we assume 


TABLE 6.7 Abbreviated Results to Illustrate General LCA Results 


Corn Forest 

BOF, EU BOF, US Stover Switchgrass Residue 
Ethanol production (g COjeq/MJ 29,.2> 714 31.4—71.4 8.0—71.4 11.4—71.4= 1.5—71.4 
ethanol) = —46.2 = —40 = —63.4 —60.0 = —69.9 
Jet/Gasoline production stage 13 13 13 13 13 
(g COzeq/MJ fuel) 
Jet/Gasoline combustion 72.9 72.9 72.9 72.9 72.9 
(g COzeq/MJ fuel) 
Jet/Gasoline production, 29—35 36—42 10—17 14—22 2—12 
complete 
life cycle (g CO2eq/MJ fuel) 
Jet/Gasoline reduction over 60—65% 55—60% 80—90% 75—85% 85—95% 


fossil jet fuel 


14Handler, RM, Shonnard, DR, Griffing, EM, Lai, A, Palou-Rivera, I. Life cycle assessments of LanzaTech ethanol 
production: Anticipated greenhouse gas emissions for cellulosic and waste gas feedstocks. Submitted to Industrial 


and Engineering Chemistry. 
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that carbon-containing waste gases or gasified 
biomass streams entering the LanzaTech etha- 
nol fermentation process contain carbon that 
was either prevented from release to the atmo- 
sphere or sequestered from the atmosphere 
during biomass growth, therefore large carbon 
credits appear for net gas absorption during 
the ethanol production stage, making per MJ 
GHG emissions results for ethanol production 
appear large and negative. Small differences 
are apparent at the ethanol production stage 
due to different requirements for procuring 
biomass feedstock types. Jet fuel production 
has a relatively small GHG emissions foot- 
print, which is variable due to the ability to tai- 
lor the process to internally recycle a variable 
amount of small-chain carbon molecules for 
hydrogen and heat, or separate these as an 
additional co-product. Utility consumption 
during the entire process is an important 
source of GHG emissions, but is low enough 
to result in favourable life cycle GHG emis- 
sions for the final fuel products, achieving at 
least 50% reduction in GHG emissions in all 
scenarios investigated. 


6.5.1.3 Other Air Pollutants 


In addition to reducing CO; life cycle emis- 
sions, alternative jet fuels that are low in aro- 
matics will reduce air toxic emissions as well. 
The levels of aromatics found in petroleum- 
based jet fuel (up to 25%) have been shown to 
increase the production of particulate matter 
(PM) emissions in jet engine exhaust. The sul- 
phur compounds (up to 0.3%) result in a pro- 
portional increase in sulphuric oxides and 
sulphuric acid. In contrast, the SPK alternative 
fuels contain negligible levels of aromatics and 
sulphur. Alternative fuel emissions tests have 
been performed with F—T and FAME and 
compared to conventional petroleum fuels (Jet 
A, Jet A-1, and JP-8) in commercial jet engines 
(See Fig. 6.10). PM reductions of as much as 
50% were achieved [77]. Similar PM reductions 
are anticipated with ATJ alternative fuels. 
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FIGURE 6.10 Overall particulate matter (PM) number 
emissions reduction over the LTO cycle achieved using can- 
didate alternative fuels. Source: P. Lobo, D.E. Hagen, P.D. 
Whitefield, Comparison of PM emissions from a commercial jet 
engine burning conventional, biomass, and fischer—tropsch fuels, 
Environ. Sci. Technol. 45 (2011) 10744-10749. 


6.5.1.4 National Security 


Another reason for aviation’s need for bio- 
jet fuel is energy and national security. Jet fuel 
constitutes the largest share of the armed ser- 
vices’ fuel demand, accounting for 73% of total 
purchases [78]. With the US importing much 
of its petroleum, national security could be 
compromised. As a result, the US Department 
of Defense (DoD) has focused on powering its 
jets with domestically produced alternatives. 
Over-reliance on oil is believed to put US 
troops at risk of supply disruptions during 
military and humanitarian missions, and 
adopting advanced ‘drop-in’ fuel is expected 
to help the nation achieve its broader national 
security objectives [12]. 

Although it remains a concern, national 
security has recently become less of a driving 
force for producing fuel domestically, primar- 
ily due to the introduction and proliferation 
of hydraulic fracturing, which has made it pos- 
sible to tap large reserves of shale oil and gas 
on state and private lands [79]. In its annual 
long-term global energy forecast, ExxonMobil 
Corp. foresees that oil production from North 
American shale oil fields will exceed that 
of every member of the Organization of the 
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Petroleum Exporting Countries (OPEC), except 
Saudi Arabia [80], by 2014. 


6.5.1.5 Government Interest in Alternative 
Jet Fuel 


As the largest user of jet fuel in the United 
States military, the Air Force has made plans 
to convert one-half of the petroleum-based jet 
fuel that it uses to non-petroleum-based fuel 
by the year 2016. In an effort to reach this goal, 
they demonstrated bio-jet fuel with a B-52 in 
2006. Similarly, the US Navy has demonstrated 
alternative fuels with their aircraft and has 
announced a goal of supplying half of its total 
energy consumption from alternative sources 
by 2020. In addition to the military, the FAA 
has set a target of 1 billion gallons per year of 
aviation biofuel capacity by 2018. For every 
$0.25 increase in the price of a gallon of oil, the 
DoD incurs over $1 billion in additional fuel 
costs [12]. Additionally, the US Department of 
Agriculture, Airlines for America, Inc. (A4A), 
and Boeing signed a resolution formalizing 
their commitment to work together on the 
‘FARM to FLY’ initiative to accelerate avail- 
ability of sustainable biofuel in the United 
States. 


6.5.1.6 Industry Interest in Alternative 
Jet Fuel 


The commercial aviation industry has also 
set goals to increase its use of renewable jet 
fuel. The IATA, comprised of the top 240 air- 
lines in the world and representing 84% of 
global air traffic [81], has a stated target of 10% 
of the aviation fuel market (approximately 200 
million barrels per annum) to be from renew- 
able sources by 2017 [82]. The recently exe- 
cuted agreement for United Airlines and 
World Fuel Services to purchase a minimum 
of 15 million gallons of advanced biofuels 
from AltAir Fuels for use at United’s Los 
Angeles International Airport hub and other 
locations further demonstrates a significant 
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commitment by the airlines to use alternative 
jet fuel [83]. 

In addition, the Sustainable Aviation Fuel 
Users Group was formed in Sep. 2008 
with the support and advice of the world’s 
leading environmental organizations, such 
as the Natural Resources Defense Council and 
the Roundtable on Sustainable Biomaterials. 
The group is focused on accelerating the devel- 
opment and commercialization of sustainable 
aviation fuels. 

Companies like Boeing, the world’s largest 
airplane maker, are working with fuel develo- 
pers from around the world to find alternative 
fuels that will shrink jet flight’s substantial 
environmental footprint without requiring an 
overhaul of the world’s existing airplane fleet 
[75]. Boeing has a timeline to develop ‘carbon 
neutral’ machines that use biofuels, and less 
fuel overall, by 2050 [73]. Boeing estimates that 
biofuels could reduce flight-related GHG emis- 
sions by 60—80% [75]. Airbus, along with the 
European Commission, leading European air- 
lines, and fuel producers, has launched an 
industry-wide sustainable fuel initiative called 
the ‘European Advanced Sustainable Aviation 
Fuel Flightpath’ [84]. The initiative aims to 
replace 4% of European aviation fuel with sus- 
tainable alternatives by the year 2020. 

The global airline industry is committed to 
a 50% reduction in emissions by 2050 from 
its 2005 levels. In 2009, IATA adopted its 
Aviation Carbon-Neutral Growth (CNG2020) 
Strategy, which has the goal of becoming car- 
bon neutral by the year 2020, cutting net emis- 
sions in half by 2050 compared to 2005 levels, 
and improving fuel efficiency by 1.5% annu- 
ally to 2020 [81]. 

The 38th Assembly of the United Nations 
International Civil Aviation Organization 
(ICAO) committed to developing a global 
market-based measure (MBM) that is essential 
to enabling the civil aviation industry to 
achieve carbon-neutral growth by 2020. Such a 
global MBM is expected to complement airline 
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industry progress towards its strategy to man- 
age aviation’s climate change impact, and it 
strengthens the resolution passed by IATA in 
2013 asking governments to develop a global 
mandatory carbon off-setting scheme [81]. 

A wide variety of airlines have demonstrated 
alternative jet fuels in commercial flights. 
These include Lufthansa, Qatar Airways, United 
Airlines, Virgin Atlantic, British Airways, and 
Porter Airlines. Organizations such as CAAFI 
have been created to approve ASTM fuel specifi- 
cations for bio-jet fuel. 

Over 1500 commercial flights have been 
demonstrated using a blend of alternative and 
petroleum jet fuels [85]. A partial list of the air- 
lines, the amount of biofuel used, distance 
travelled, and the number of flights and 
references are provided in Tables Bl in 
Appendix B. These demonstrations illustrate 
the commitment that the airline industry has 
to alternative jet fuel. To further drive this 
work forward, organizations such as CAAFI 
have been developed with industry and gov- 
ernment partners. These organizations have 
worked with ASTM International to success- 
fully certify F—T, HEFA, and farnesane jet 
fuels (2009, 2011, and 2014, respectively). As 
discussed in Section 6.2.4, the ATJ pathway is 
nearing approval. 


6.5.2 Inherent Improvement in Energy 
Density From Ethanol to Jet Fuel 


An underlying incentive for converting eth- 
anol to jet fuel is the resulting increase in fuel 
product energy density. Jet fuel primarily 
consists of paraffins in the Cio—C14 range. 
These paraffins are a blend of straight and 
branched alkanes as well as cyclic com- 
pounds. Ethanol, in contrast, is a partially 
oxygenated hydrocarbon. As a result, the 
eravimetric and volumetric energy density of 
jet fuel is significantly higher than that of eth- 
anol. A comparison of densities of ethanol, 
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TABLE 6.8 Comparison of Energy Densities of Ethanol 


and Jet Fuel Constituents 


Gravimetric Volumetric 
Energy Density Energy Density 
Compound (MJ/kg) (LHV)  (MJ/L) (LHV) 
Ethanol 26.8 21.1 
Decane 44.2 32.3 
Dodecane 46.4 34.8 
Tetradecane 47.3 36.1 


ASTM Standards for 
both petroleum and 
synthesized 
hydrocarbon jet fuel 
(ASTM D1655-13 
and D7566-13) 


> 42.8 > 33.2 


constituents of jet fuel, and the ASTM jet fuel 
standards is shown in Table 6.8. As can be 
seen in the table, the energy densities of the 
jet fuel both gravimetrically and volumetri- 
cally are approximately 60% higher than that 
of ethanol. A high-energy-density material is 
critical for aviation applications. As a result, 
this energy density improvement makes jet 
fuel a higher-value commodity when used in 
combustion applications. 


6.5.3 Government Impacts/Incentives 


For bio-jet fuels to succeed in the market, 
favourable government policies are likely 
required. Policies that penalize carbon emis- 
sions and incentivize lower carbon-emitting 
fuels already are contributing to establishment 
of the bio-jet market in the United States. This 
section discusses the influence of carbon taxes 
imposed on liquid fuels and the influence of 
production credits for approved biofuels. 


6.5.3.1 Carbon Taxes 


Imposition of carbon taxes or emission 
allowances increases the cost of transportation 
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modes that rely on fossil-based fuels. In the 
case of jet fuels, the European Union (EU) 
recently added airline emissions to its emis- 
sions allowance trading system. This system 
issues credits to the airlines, based on the 
establishment of baseline flight operations in 
Europe. Then, over time, the number of 
annual emission credits granted to each airline 
is gradually reduced, forcing the affected air- 
line to either reduce emissions or buy addi- 
tional emissions credits on the market to 
maintain or grow their businesses. Currently, 
the portion of commercial airline flights occur- 
ring over EU airspace is subject to an 
EU-wide emission allowance cost reflected in 
the cost of purchasing emissions allowance 
credits of roughly $9.70 per ton of CO, ([86], 
based on a Euro-to-dollar exchange rate of 
1.37). This value is generally viewed as tem- 
porarily low due to the deep recession in 
Europe, and is expected to increase as eco- 
nomic activity increases and emission allow- 
ance credits become scarcer. Several global 
businesses account internally for the expected 
cost of carbon. These values vary widely, 
from prices below the $9.70 per ton reported 
above to as much as $60 per ton [87]. 

If a similar structure is enacted in the 
United States, at the 2012 average carbon price 
reported above, the aggregate cost of carbon 
for all domestic US flights (any airline) would 
be roughly $3 billion annually, estimated 
based on 2012 figures [88,89], or roughly 29 
cents per gallon of added cost, based on cur- 
rent fuel costs [90]. These are new costs air- 
lines and airfreight transporters would face. 
Thus, bio-jet fuels would be able to reduce 
these costs by roughly 30% if blended at the 
expected 1:1 ratio with fossil jet fuel. These 
estimates depend on a number of factors, 
including the ultimate carbon tax rate and mit- 
igative actions commercial airlines and air- 
freight transporters can take, such as fare 
increases. 
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6.5.3.2 Renewable Fuel Credits 


Renewable fuel credits are production 
incentives paid to producers or fuel blenders 
as a tax credit (blender’s tax credit) or as a 
component of the price received for the fuel by 
the producer/blender. The US Environmental 
Protection Agency (EPA) has developed the 
Renewable Identification Number (RIN) as a 
mechanism to value the production of feder- 
ally qualifying biofuels. The RIN system 
enables the market to incentivize biofuel pro- 
duction reliably when market fuel prices alone 
cannot cover the cost of production faced by 
refiners. In the case of bio-jet fuel, each gallon 
of qualifying product is assigned a number of 
RIN credits based on its fossil fuel equivalence 
value. Typical bio-jet drop-in fuel has an 
equivalence value of 1.6, meaning that for each 
gallon produced, 1.6 credits are assigned. 
Depending on the market value of the credits, 
they can be treated as a direct incentive to the 
producer by offsetting the cost per gallon by 
the amount of the credit price. A recent study 
[91] indicated that a plausible credit price 
could be $2.25 per gallon for isoparaffinic ker- 
osene. This incentive applies in addition to the 
blender’s tax credit of $1.00 per gallon for 
advanced biofuel production. Thus, it may be 
reasonable to expect $3.25 per gallon in total 
federal incentives for bio-jet fuel production in 
the near term while tax credits are in force. 
Tax credits are subject to renewal by Congress, 
and are not expected to be permanent. 

Renewable fuel credits are also available for 
ethanol. When comparing the incentives possi- 
ble by just producing and selling ethanol to 
those that could be available if the ethanol is 
converted to jet fuel, the tax benefit would be 
determined by the difference in the credits 
available for each fuel and the additional cost 
of the jet fuel production. The relative cost of 
production for ethanol versus jet would then 
determine at what point to take the RINs 
incentive. 
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6.5.4 Marketing Advantages 


The use of sustainable fuels can be a mar- 
keting tool to help differentiate an airline or 
air cargo company from its competitors. 
According to Roper ASW’s [92] Green Gauge 
study, 30% of Americans closely follow the 
environmental records of large companies [92]. 
This segment is sometimes referred to as the 
‘lifestyles of health and sustainability’ 
(LOHAS) market, estimated by the National 
Marketing Institute (NMI) to be worth $290 
billion in the United States in 2008 [93]. 
Sustainable jet fuel could influence market sec- 
tors such as eco-tourism and alternative trans- 
portation, which make up 20% of the LOHAS 
market (NMI). Results have shown that the 
benefits are usually much greater when such a 
company is enjoying a ‘first-mover advantage’, 
being the first in their region or industry to 
make the change [94]. One company that is 
making an alternative fuel change is United 
Parcel Service. They have set a goal of one bil- 
lion alternative fuel miles by 2017, and are 
engaging external initiatives such as the A4A 
and ‘Future of Fuels’ Working Group at 
Businesses for Social Responsibility to reach 
that goal [95,96]. In 2015, Colorado biofuel pro- 
ducer Red Rock Biofuels announced that 
FedEx had agreed to purchase 3 million gal- 
lons of low-carbon fuel per year. 

The use of sustainable fuels can also 
strengthen a company’s image with employees 
and shareholders. Approximately half of 
employers surveyed in a KPMG survey who 
had included green energy in their portfolio 
believed that employee motivation, and there- 
fore the ‘war for talent’, was a major driver for 
such a change [97]. 

The primary concern for any company is 
the financial impact of using sustainable fuels. 
In spite of the benefits of sustainable energy 
and fuel, consumers continue to be unwilling 
to pay for ‘green travel’. In a 2009 survey, only 
9% of consumers indicated that they would 
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be willing to pay more to use travel service 
suppliers that offer eco-friendly options for tra- 
vellers. This is corroborated with the statistic 
that only 3% of passengers have purchased a 
carbon offset when booking travel [98]. Studies 
have shown that there can be a large disparity 
between consumer attitudes toward renewable 
energy and their behaviours. Market research 
findings were consistently favourable to green 
energy; however, marketing results generally 
have shown much lower levels of actual 
response to green power offerings [99]. In spite 
of these findings, several recent studies have 
shown a correlation between environmental 
performance and financial performance. 
According to a Thomson Reuters study, 82% of 
investors evaluate environmental, social, and 
governance criteria as part of their investment 
decision because they believe these actions 
affect share price [100]. 

Part of the challenge will be to create con- 
sumer awareness and understanding of the ben- 
efits of alternative fuels. Efforts to educate the 
public are already underway. Organizations 
such as A4A, CAAFI, and IATA provide infor- 
mation about progress on the development 
of alternative jet fuels. Websites targeting 
green consumer products are providing data 
on green airlines as well (eg, wespire.com, 
ereenopia.com). Armed with this information, 
stakeholders can make educated decisions 
regarding sustainable jet fuels. 


6.5.5 Markets and Prices 


This section will consider the price differen- 
tial between ethanol and jet, competition from 
higher alcohols, and the opportunities for low- 
cost ethanol. 


6.5.5.1 Ethanol and Jet Prices 


Fuel supply and demand and the price dif- 
ferential between ethanol and jet fuel also pro- 
vide incentives. Fig. 6.11 shows ethanol and jet 
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FIGURE 6.11 Projected ethanol supply 
and demand [101]. 
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fuel volume projections based on data from 
the US Energy Information Administration’s 
(EIA’s) Annual Energy Outlook (AEO) analysis 
[101]. The portion of total US refinery output 
of kerosene-type jet fuel going to military 
applications is historically between about 7% 
and 10%. Ethanol consumption values include 
ethanol used in gasoline and in E85. E85 is 
assumed to contain 74% by volume ethanol. 
Two cases are considered for gasoline ethanol 
content, E10 (10% by volume ethanol) and E15 
(15% by volume ethanol). In the case of E10, 
ethanol supply exceeded consumption in 
about 2013 (ie, the so-called ‘blend wall’ was 
hit). In an effort to recognize the practical lim- 
its on ethanol blending, the EPA has proposed 
reducing the 2014 renewable fuel mandate to 
15.21 billion gallons from the 18.15 billion gal- 
lons originally set forth in the 2007 Energy 
Independence and Security Act (EISA) 
Renewable Fuel Standard (RF52) programme. 
This corresponds to 13.01 billion gallons of 
corn ethanol, down from the 2013 mandate of 
13.8 billion gallons and significantly reduced 
from the 14.4 billion gallons originally set 
forth in the RFS2 [102—104]. This is the first 
time the EPA has proposed lowering the total 
renewable and advanced fuel requirements 
since implementation of the RFS2 in 2007. The 
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EPA has also proposed a cellulosic biofuel 
standard of 17 million gallons for 2014, up 
from 6 million for 2013, but much less than 
the originally intended 1.75 billion gallons 
in RFS2. 

As shown in Fig. 6.12, gasoline consumption 
is projected to steadily decrease in the future. 
This is because of increased fuel efficiency due 
to the corporate average fuel economy (CAFE) 
standards for light duty vehicles implemented 
by the FISA. At the same time, E85 growth is 
assumed to remain relatively flat over the pro- 
jection period, due to market penetration chal- 
lenges such as infrastructure compatibility. 
These two factors lead to a surplus in ethanol 
supply of approximately 0.2 MM barrels per 
day over the long term if gasoline continues to 
contain a maximum of 10% ethanol. Clearly, 
this extra supply of ethanol could be a 
resource of feedstock for jet fuel production. 
Assuming a 50% ethanol to jet conversion 
yield, this surplus would equate to about 4% 
of the jet fuel demand in 2022. On the other 
hand, if the gasoline ethanol content is 
increased to 15% throughout the projection, 
there is a shortfall of ethanol necessary to meet 
the gasoline need (Fig. 6.11). Gasoline currently 
can be blended with up to 15% ethanol in 
light-duty 2001 and newer vehicles; however, 


II. THE SCIENCE AND TECHNOLOGY OF DEVELOPING BIOFUELS FOR AVIATION 


140 


10 


a 





ZS 6 
E 5 
[==] 
Ss 4 
= 
3 
2 
eee aire 
1 
0 — 
O O & & oe Se Se Oe Se CO 
i a o o o o a w B D 
Year 
5 - 
T 45 amni 
T 
k 
© 44 
E=) 
hat- 
o 35 
t aps 
= | 
os 
0 
mo 2.5 - — 
LS 
A 
“a 77 
i Aes Ty es O S S S E S S S 


“O, O, O, O, "Or Ds Oy Oy Dy Ds, © 


Year 


E15 is only available in a few states in the 
midwest United States at filling stations that 
also offer E85 [105]. Actual widespread 
adoption of E15 will depend on the cost- 
competitiveness of blending with ethanol com- 
pared to other gasoline-blending components 
in the future [106]. 

Historical and projected wholesale prices 
for fuel-grade ethanol and conventional jet fuel 
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FIGURE 6.12 Fuel consumption 
for gasoline, jet, and E85 (Reference 
case) [101]. 
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FIGURE 6.13 Projected jet and 
ethanol wholesale price [101]. 
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from EJA’s AFO report [101] are shown in 
Fig. 6.13. The AEO projection scenarios shown 
include the Reference case, corresponding to 
‘business as usual’ (2.5% annual US gross 
domestic product (GDP) growth), and also low 
and high oil price cases to illustrate the effect 
of oil price uncertainty on these projections. 
The main assumptions behind each of these 
scenarios are listed in Table 6.8. In all cases, 
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ethanol price reaches a high around 2022, coin- 
ciding with the RFS2 2022 target. After this, 
ethanol price declines, as gasoline demand (ie, 
E10 and E15) continues to drop and E85 
demand levels off (Table 6.9). 

While ethanol prices shown in Fig. 6.13 
are for fully refined fuel ethanol for the whole- 
sale market, refiners are likely to use an inter- 
mediate type of ethanol feedstock (eg, higher 


TABLE 6.9 EIA’s AEO Modelling Assumptions for 


Reference, Low Oil Price, and High Oil Price Cases | 101] 
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water content) adequate for conversion in 
hydrocarbon fuel. Not only would this ethanol 
intermediate be less refined, and therefore less 
expensive to make than fuel grade, it would 
not have the transfer costs associated with a 
wholesale-priced product. Therefore, a more 
useful comparison for rough economic analysis 
is the price difference between an intermediate 
gerade of ethanol and jet fuel. Fig. 6.14 shows 
the price difference between wholesale jet fuel 
and ethanol intermediate (plotted y-values 
equal the wholesale jet price minus the ethanol 
intermediate price). Several cases are shown, 
corresponding to the three EIA scenarios (see 


Low Oil High Oil Table 6.8), and assuming an ethanol intermedi- 
oe ee ie ate price of 50% and 75% of the projected 
Case Case Case 
wholesale fuel grade ethanol price. As shown, 
Oil price cost in 2040 $163/bb = $75/bb $237/bb the future price of oil has a large effect on the 
Liquid fuel demand Lower Higher incentive to take ethanol to jet. As an example, 
and GDP in non- than than in the year 2022, the price differential ranges 
OECD nations reference reference from $0.20 per gallon (low oil price; intermedi- 
OPEC share of liquid 40—43% 49% 37—40% ate ethanol at 75% wholesale price) to $2.66 
production in 2040 (remains per gallon (high oil price; intermediate ethanol 
constant) at 50% wholesale price). 
Jet price growth rate 1.2% -12% 24% Biofuels Digest [107] reports that alcohol 
E i a. ai, Gone for jet fuel will need to be produced at 
erie ac ale ae —— $1.25—$1.50 per gallon to make jet fuel 
affordable at commercial scale (nominally a 
A FIGURE 6.14 Projections of 
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50 million gallon per year plant). The 2011 
average wholesale price for ethanol in the 
United States was $2.54 per gallon (EIA), based 
on domestically grown corn ethanol. Price esti- 
mates for second-generation ethanol vary sub- 
stantially. Algenol has reported a $1.00 per 
gallon ethanol feedstock production cost for jet 
fuel production [108]. LanzaTech has reported 
ethanol production costs of $0.60 per gallon 
from waste feedstocks and $1.71 per gallon 
from biomass [109]. Refined ethanol from bio- 
chemical conversion of lignocellulosics (corn 
stover) is estimated at $2.15 per gallon (2007 
dollars) [110]. Ethanol from thermochemical 
conversion of wood chips is estimated at $2.05 
per gallon (2007 dollars) [111]. Reduced capital 
and operating costs to produce nonrefined eth- 
anol, as well as leveraging low-cost feedstocks, 
suggest that the $1.25—$1.50 per gallon raw 
ethanol price may be feasible. Production eco- 
nomics estimates for ethanol to jet fuel are not 
yet available in the open literature as the 
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technology is still in the pre-commercialization 
phase. 

The EIA projections of fuel prices and ethanol 
supply and demand suggest that there could be 
a substantial feedstock resource and feasible 
price differential for future ethanol to jet fuel 
production for all cases, except in the Low Oil 
Price case. While the EIA projections provide a 
rough estimate of potential market for ethanol 
to jet fuel, they depend on many assumptions 
and are inherently uncertain. Along with price 
swings historically associated with OPEC- 
produced oil (EIA 2015'”), recent developments 
in North America will also have an effect. For 
example, the surge in shale oil and gas produc- 
tion is expected to launch the United States 
ahead of all but one of the OPEC nations [112], 
which could significantly impact the global sup- 
ply balance. Future fuel supply, demand, and 
prices are interdependent and will be deter- 
mined according to economic conditions, policy, 
and politics, both nationally and globally. 


CASE STUDY: LANZATECH RESEARCH WITH PNNL 
AND IMPERIUM 


The basis of the technology conversion of 
ethanol to hydrocarbons was generated by 
PNNL and John Plaza, CEO of Imperium 
Aviation Fuels, in 2010. The initial research ini- 
tiative undertaken by PNNL and initially co- 
funded by Imperium and Battelle, the operator 
of PNNL, was to assess the viability of convert- 


ing ethanol into hydrocarbon fuels for aviation 
from biomass-sourced alcohols. The belief that 


the ethanol ‘blend wall’ issues were likely 
going to create oversupply of ethanol for US 
Markets, and significant availability of bio- 
sourced ethanol, justified the research into a 
technology pathway for building higher value 
This 


molecules from ethanol to jet fuel. 


development allowed PNNL researchers to 
demonstrate that ethanol could be used as a 
feedstock for preparing an all-hydrocarbon fuel 
blend that met or exceeded standardized inter- 
national specifications for jet fuel. The initial 
fuel produced was a mixture of all the hydro- 
carbon components, including aromatics. 

In 2011, DOE issued a call for proposals 
for a new aviation biofuel research project. 
PNNL and Imperium jointly responded with 
LanzaTech as the lead applicant to the DOE. 
The research was focused on the ability to 
produce the ethanol from biomass, and then the 
minimally processed ethanol would be con- 
verted into biomass-based jet fuel. The proposal 





http: / /www.eia.gov/todayinenergy /detail.cfm?id = 22852 


II. THE SCIENCE AND TECHNOLOGY OF DEVELOPING BIOFUELS FOR AVIATION 


6.5 MARKET DRIVERS FOR ETHANOL TO JET FUEL 


143 


(cont'd) 


was successful with DOE providing up to $4 
million in grant funding for the project, of which 
about $2 million went to PNNL over a three- 
year period that began in 2012. In the DOE- 


funded work, PNNL adapted its technology so 
it produced solely isoparaffinic kerosene. 

Five years later, it is clear that waste streams 
to ATJ is the clear path forward for success for 
the conversion of ethanol to hydrocarbon-based 


fuels. The key to sustainable alternative 
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6.5.5.2 Ethanol and Higher Alcohols 


As described in Section 6.3.6, conversion to 
jet fuel from propanol through propylene, and 
butanol via butene, is simpler and better devel- 
oped than from ethanol through ethylene. 
However, the market share and pricing for 
higher alcohols put them at a disadvantage 
when compared with ethanol. Fig. 6.15 shows 
that current pricing for higher alcohols is sig- 
nificantly greater than ethanol for both the fuel 
and chemicals markets. This reflects the fact 
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aviation fuel is abundant, low-cost feedstock. 
For the ATJ pathway, low-cost ethanol sourced 
from companies such as LanzaTech will enable 
ATJ jet fuel to compete with conventional Jet 
A-1 over the long term. For the ATJ pathway, 
most of the cost of production is tied to the 
feedstock, so utilizing a low-cost ethanol 
sourced from companies such as LanzaTech 
will enable ATJ jet fuel to compete with con- 
ventional Jet A-1 over the long term. 
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Ethanol and higher alcohol price history, US gulf coast [113]. 


that the existing market for higher alcohols is 
almost entirely for chemicals. 

n-Butanol for chemical production is 
approximately 2.5 billion pounds per year 
[114] and is well-established. Butanol fuel pro- 
duction, however, is a nascent industry with 
Gevo announcing an increase in isobutanol 
production at their Luverne, MN, plant to a 
range of 750,000 to 1 million gallons in 2016.'° 
Gevo’s ATJ is being produced at its demo 
biorefinery in Silsbee, TX, using isobutanol 


"http: / /ir.gevo.com/phoenix.zhtml?c = 238618&p = irol-newsArticle&ID = 2089814 
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produced at its Luverne, MN, fermentation 
facility. The company has successfully flown 
test flights with the US Air Force, US Army, 
and US Navy. Gevo also intends to begin test 
flights with the commercial aviation industry, 
including Alaska Airlines, following receipt of 
ASTM International certification. Fuel butanol 
prices will certainly be lower than chemical 
prices as purification needs can be relaxed. 
However, the large existing production capac- 
ity and market for fuel ethanol, coupled with 
low butanol capacity and higher prices in the 
chemical market, suggest that the incentives to 
build additional butanol capacity to produce a 
lower value product (namely fuel) may be 
low. Ultimately, the choice of ethanol versus 
higher alcohols as a jet fuel intermediate will 
depend upon the speed at which ethanol con- 
version technology can be developed versus 
development of sufficient butanol production 
capacity coupled with production at a compet- 
itive price. 


6.6 CONCLUSIONS AND 
RECOMMENDATIONS 


There is significant interest from both gov- 
ernment and private sectors to displace 
petroleum-based jet fuel in favour of alterna- 
tive bio-based fuels. Even with the expansion 
of fossil hydrocarbon fuel production in the 
United States, there still remains a strong inter- 
est for renewable transportation fuel. This 
increased interest results from concerns rela- 
tive to climate change, oil price volatility, and 
the need to reduce our dependence on foreign 
oil in the future. As a result, demonstrations of 
alternative fuels, commitments to increased 
usage, and increased grants for research and 
development have been made. There is also 
significant interest from the public in increas- 
ing the use of alternative fuels. While this 
interest may provide some marketing advan- 
tages for companies that employ alternative 
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fuels, surveys, and test programs demonstrate 
that consumers are unwilling to pay higher 
prices for these alternatives. As a result, 
favourable economics are critical to alternative 
fuel usage. 

When the cost and market size of ethanol 
and jet fuel are compared, based on the 
AEO Reference case, it appears that ATJ will 
be economical if the production costs for the 
intermediate alcohol are substantially reduced 
from wholesale and the alcohol conversion 
step(s) is also inexpensive. DOE analyses of 
cellulosic ethanol suggest a wholesale price of 
$2.05—2.15 per gallon [110,111]. However, 
alternative ways of producing ethanol (eg, 
using waste gases) could provide a more 
favourable price differential for ethanol to jet. 
Both Algenol and LanzaTech claim to be able 
to produce raw ethanol at the cost necessary 
for this purpose. The incentive to produce jet 
fuel blend components rather than produce 
finished ethanol also appears to be viable 
given the expected excess supply of ethanol 
over that required for gasoline blending. As a 
result, the market for ATJ is unconstrained 
and will accommodate a wide range of both 
ethanol and nonethanol intermediate-based 
technologies. Additionally, there is little need 
to produce SKA fuels (direct drop-in replace- 
ments), and research can instead emphasize 
50% and less blends of SPK. 

Options for converting ethanol to jet 
range components economically are still in 
development. Existing processes are available 
for homogeneous-type catalysis, but proces- 
sing costs make these more applicable for the 
higher value chemicals market. Improved pro- 
cesses with better catalysts, likely heteroge- 
neous, are needed to meet the required yields 
and make these processes economical. It is a 
particular advantage that they can be tailored 
to make both linear and cyclic compounds. 
The conversion of higher alcohols to jet 
fuel blend components presents less of a tech- 
nical hurdle. However, limited infrastructure 
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TABLE 6.10 Summary of Drivers for Ethanol to Jet Fuel 


Driver 


Cost 


Climate change 


National security 


Other air emissions 


Energy density of 
fuel 


Carbon taxes and 
fuel credits 


Green consumer 
market 


Ethanol ‘Blend Wall’ 


Price differential 
between ethanol and 
jet 

Competition from 
higher alcohols 


Flexibility to 
produce paraffins or 
cyclic components 


and more lucrative chemical markets 
slow entry into ATJ. Future work should focus 
on quantifying yields, capital and operating 
requirements, and external energy require- 
ments (power, natural gas) for ethanol to jet, 
which are beyond the scope of this chapter. 


Issue 


Crude oil is historically vulnerable to price 
swings, deeply affecting airline fuel costs (40% 
of total). 


The airline industry has maximized engine 
efficiency and has restricted renewable options 
compared to terrestrial transportation. 


Over-reliance on foreign oil is believed to put 
US troops at risk of supply disruptions. 


Particulate matter and SOx are formed by 
combustion of petroleum-based fuels. 


Ethanol has low energy density compared to 
petroleum fuels. 


Future carbon taxes could be imposed on the 
airlines similar to that recently adopted in the 
European Union. 


Consumers are increasingly seeking ‘green’ 
alternatives. 


Gasoline content is limited to 10% and 
consumption will continue to fall because of 
corporate average fuel economy (CAFE) 
standards. 


There must be an adequate difference between 
the wholesale jet fuel and intermediate ethanol 
feedstock on a $ per gallon basis. 


Technology availability and market share. 


Not all alternative/biofuel routes allow for 
production of paraffins or cyclics. 


may 
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How Ethanol to Jet Addresses Issue 


Domestically produced fuel is less likely to 
experience such extreme fluctuations. 


Bio-jet fuels are one of the only sustainable fuel 
options for aviation and can provide up to or 
even exceed 80% reduction in carbon emissions. 


Domestically produced advanced ‘drop-in’ fuels 
are expected to help the nation achieve its 
broader national security objectives. 


AT] is low in sulphur and can be engineered to 
contain low aromatics (soot formers). 


Ethanol to jet provides a 60% increase in energy 
density. 


Bio-jet fuels could reduce the cost impact of a 
carbon tax by roughly 30% in a 50% blend with 
fossil jet fuel. Renewable fuel credits can 
incentivize production by as much $3.25 per 
gallon when market fuel prices cannot cover 
production costs. 


Airlines’ use of bio-based jet fuel can target the 
‘lifestyles of health and sustainability’ (LOHAS) 
market and provide a marketing advantage. 


EIA projections suggest there may be a 
significant surplus of ethanol that could 
potentially fill 4% of jet demand in 2020. 


EIA projections suggest there is a positive price 
differential in most cases, except in the low oil 
price case. 


The ethanol fuel market is well established and 
much larger than the chemicals market for 
higher alcohols. 


Ethanol to jet has a low hydrogen demand and 
ereater flexibility to produce isoparaffins or 
cyclic components in synthetic jet fuel. 


Given sufficiently low production cost, etha- 
nol supplies and existing infrastructure sug- 
gest that it is a viable intermediate for the 
production of alternative jet fuel components. 
Table 6.10 summarizes how ethanol addresses 
the issues related to ATJ. 
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1.1 INTRODUCTION 


Metabolic engineering enables the creation 
of modified biological systems with a precise 
mission — the conversion of biomass and 
carbon-containing gases into specific biochem- 
icals. This chapter presents recent progress in 
the development of cell factories capable of 
producing aviation range biofuels. It is divided 
into two major parts — the first covering pro- 
duction routes towards fatty acid-based bio- 
fuels, such as alkanes, and the second covering 
metabolic pathways and strategies targeting 
isoprenoid-based fuels, of which there are com- 
mercial examples available. Each section covers 
natural precursor metabolism, information on 
central biofuel-forming pathways, metabolic 
engineering examples to generate efficient cell 
factories for the discussed fuels, and a discus- 
sion on challenges and opportunities in the 
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field. In this introductory section we discuss 
the advantages of using cell factories for pro- 
duction of biofuels and primary strategies and 
principles within the field of metabolic 
engineering. 


7.1.1 Why Use Microbes for Fuel 


Production? 


The use of yeast for ethanol formation and 
molds for production of penicillin are exam- 
ples of well-known biotechnological industrial 
processes today [1,2]. Both are illustrations of 
classical uses of cell factories to convert carbo- 
hydrate substrates into specific metabolic pro- 
ducts, where the natural substrate-product 
spectrum of the producing organism is 
exploited. However, this limits the range of 
possible products because it is problematic to 
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culture many organisms on a large scale, and 
often the compound of interest is present only 
in low quantities [3]. Progress in genomics and 
genetic engineering during the last few dec- 
ades has allowed us to vastly expand the 
microorganism production portfolio. Today, 
nearly any metabolic product detected in a life 
form can be produced in a nonnative host as 
long as the metabolic pathway and genetic ele- 
ments within the parent organism are eluci- 
dated. This has spurred a great interest in the 
research fields of synthetic biology and 
metabolic engineering: to design and create 
custom-made organisms with high product-to- 
substrate ratios and low by-product formation 
[4]. Furthermore, it allows for a sustainable 
economy, where carbon dioxide-consuming 
plants and organisms can act as the substrates, 
or even as cell factories, themselves [5]. 

A major challenge in the field of metabolic 
engineering is to develop economically viable 
alternatives to petroleum-based products, espe- 
cially within the massive fuel market. Ethanol 
is a strong biofuel candidate for markets 
directed towards regular combustion engines, 
but to be able to power the aviation industry, 
more energy-dense fuel molecules have to be 
established that can be used in gas-turbine 
engines [6]. Jet fuels tend to be comprised of a 
mixture of hydrocarbons — most commonly lin- 
ear, branched, and cyclic alkanes — that bring 
about different attributes to the fuel, for exam- 
ple, low-temperature flow properties, high com- 
bustibility, and high-energy content [7]. 
Hydrocarbons are naturally present in a variety 
of organisms [8], and there are numerous bio- 
logical compounds that are of interest as jet fuel 
candidates, such as alkanes/alkenes and 
isoprenoid-based fuels. 

A great advantage of using fermentation- 
based technologies instead of chemical conver- 
sion of plant-based material is the broad range 
of substrates that can potentially be utilized. 
Currently, chemical production of biodiesel 
relies to a large extent on vegetable oils as 


substrates, which is questionable both from an 
environmental as well as a food-versus-fuels 
point-of-view [9]. The microbial community, 
on the other hand, has conquered virtually 
every environmental niche imaginable, and 
has consequently adapted to metabolize 
numerous food sources — traits that can also 
be transferred between organisms by genetic 
engineering. Thus, the future holds great 
promise in using current waste products from 
agriculture and forestry industries to produce 
next-generation biofuels if microbes can be 
constructed to catalyse an efficient conversion, 
for example, yeasts engineered to utilize cellu- 
lose and hemi-cellulose as substrates [10]. 
Additionally, a microbial reaction is catalysed 
under mild and physiological conditions, 
which reduces the formation of toxic by- 
products. 


7.1.2 Natural Fuel Molecules and 


Prospective Production Hosts 


There are two major cellular metabolic path- 
ways that give rise to precursor hydrocarbons 
with relevance for the jet fuel industry — fatty 
acid and isoprenoid metabolism [11]. Alkanes, 
alkenes, fatty alcohols, and fatty acid ethyl 
esters (FAFE) are all prospective fuel mole- 
cules that can be derived from natural fatty 
acid metabolism, which is an essential path- 
way in all organisms in order to produce lipids 
(eg, membrane lipids). For example, the major- 
ity of cyanobacterial species and certain plants 
can naturally produce alkanes and alkenes 
[12,13], and several plants generate biodiesel- 
like molecules such as wax esters [14]. 
Farnesene and bisabolene are both prospective 
aviation range fuels belonging to the group of 
isoprenoid compounds. Isoprenoid production 
is also essential in all living organisms, and 
these molecules constitute the largest group of 
chemicals produced in biological systems, 
entailing more than 40,000 compounds [15]. 
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7.1 INTRODUCTION 


With regards to the different kinds of 
microbial cell factories to use, cyanobacteria 
have been discussed as the gold standard, as 
they can convert light energy to chemical 
energy by fixating carbon dioxide (instead of 
converting biomass); many research groups 
focus on optimizing such microorganisms 
[16]. However, scaling-up of such processes is 
troublesome because cyanobacteria need 
direct access to light [16], and currently yields 
of biofuel-related compounds remain at a 
proof-of-principle stage [17]. A large number 
of the metabolic engineering efforts for bio- 
fuel production have gone into research and 
development with the traditional workhorses 
of biotechnology that can consume carbohy- 
drates: the yeast Saccharomyces cerevisiae [18] 
and the bacterium Escherichia coli [19]. 
Naturally, these organisms do not produce 
large amounts of fuel precursors, but are 
genetically very flexible. Extensive knowledge 
exists about their biology, there are many 
tools for modifying them, and they are well 
known in industry. More work is also going 
into utilizing certain yeast species that natu- 
rally accumulate high quantities of lipids — 
oleaginous yeasts, of which Yarrowzia lipolytica 
has become a model organism [20]. Such 
yeasts are promising because they would con- 
stitute a good platform for fatty acid-based 
fuel production, but they are less well charac- 
terized compared to S. cerevisiae, from an 
applied as well as a fundamental point of 
view. This chapter mainly focuses on prog- 
ress made in S. cerevisiae and E. coli, but to 
some extent other organisms as well. 


7.1.3 General Metabolic Engineering 
Principles 


Genetic engineering has paved the way for 
the engineering of life forms to make them 
optimal for production of a certain biochemical 
compound or protein — the engineering of cell 
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factories. This section gives a summary of the 
different strategies adopted to optimize micro- 
bial production of metabolites. 

The metabolic engineering process is 
depicted in Fig. 7.1. It is inherently an iterative 
process due to the complexity of biological sys- 
tems and our incomplete understanding of 
them. Commonly, an engineering strategy is 
based on the available knowledge of metabo- 
lism of the chosen organism, such as simpli- 
fied biochemical reaction networks. The 
strategy is then implemented in the host strain 
through the use of recombinant DNA technol- 
ogy, such as plasmid cloning strategies and 
genome engineering tools, a process referred 
to as strain construction. The created strains 
are then tested in different cultivation settings 
and samples are taken to quantify production 
capacity and detect physiological changes on 
different levels. In the concluding step, the 
obtained data are analysed to verify if the ini- 
tial strategy was successful and detect anoma- 
lies that might explain unpredicted behaviour. 
The obtained knowledge can then be added to 
the previous model, and the cycle can restart 
to optimize the production of the target com- 
pound. Potentially, joint advances in systems 
biology and metabolic modelling can help cre- 
ate improved predictive genome-scale meta- 
bolic models constrained by experimental 
data, such as fluxomics, to aid in strain con- 
struction strategies [21]. 

The re-direction of carbon flux in targeted 
biochemical reaction networks is a central con- 
cept in metabolic engineering. Increased flux 
through a certain pathway can, for example, 
be achieved by increasing the activity of path- 
way enzymes occurring naturally in the organ- 
ism of choice, or by introducing genes from 
heterologous (nonnative) sources into the host, 
which can provide the cell with new, desired 
functions. The activity of a gene and corre- 
sponding enzyme of interest can in turn be 
modulated on many different levels. Increased 
transcriptional activity (generation of messenger 
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RNA that later on can be translated into a pro- 
tein) is commonly accomplished either by 
increasing gene copy number or utilizing a 
strong promoter (the regulatory DNA 
sequence upstream of a gene that recruits the 
transcriptional machinery). After transcription, 
the translational efficiency can also be increased 
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in prokaryotic species by modulating ribosome 
binding sites to increase the absolute enzyme 
number [22]. In eukaryotes as well as prokary- 
otic species, translational efficiency of heterolo- 
gous genes can be increased by performing 
so-called codon-optimization, through which a 
gene sequence is adjusted to match the most 
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FIGURE 7.1 The iterative metabolic engineering cycle used to construct cell factories. 
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prevalent codon usage in the receiving organ- 
ism [23]. The enzymatic efficiency can also be 
modified, for example, by making targeted 
engineering efforts to the catalytic site of the 
protein or abolishing post-translational regula- 
tion of the enzyme [24]. 

A metabolic engineering scheme usually tar- 
gets metabolism in an organism at many dif- 
ferent points simultaneously. Since it is 
beyond the scope of this chapter to describe 
them in detail, a small summary of different 
engineering approaches and their purposes is 
made in Table 7.1. For a more comprehensive 
summary of metabolic engineering strategies, 
see the review by Lee et al. [25]. 
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7.2 FATTY ACID-DERIVED 
AVIATION RANGE BIOFUELS 


The possibility to construct cell factories that 
produce the prospective aviation fuel molecules 
alkanes and alkenes has become a reality due to 
the recent advances in elucidation of the genetic 
and biochemical character of the final convert- 
ing enzymes in these metabolic pathways. 
Microbial alkane-formation is dependent on 
enzymatic conversion of fatty acid species — 
aliphatic carboxylic acids. Therefore, a critical 
part in the process of engineering a microbial 
factory for alkane-based fuels is to engineer the 
endogenous fatty acid metabolism. 


TABLE 7.1 Summary of Commonly Utilized Metabolic Engineering Strategies 


Strategy Example 


Optimize/expand substrate 
utilization 
naturally. 


Reduce/eliminate by- 
product formation 


Engineering of cells to co-utilize natural substrates in order to increase productivity, or 
installing heterologous genes that help cells utilize substrates that could not be used 


Deletion of genes that enable cells to produce nonessential metabolites in order to 
optimize yield of the desired product, or down-regulating genes that are essential but 


divert flux from the pathway of interest. 


Increase precursor 
metabolite pool 
the terminal enzyme. 


Rerouting of metabolic 
pathways 


Up-regulating genes responsible for catalysis of reactions upstream of a terminal (eg, 
biofuel-forming) enzyme of interest to increase substrate availability and reaction rate of 


Use of heterologous pathways that can catalyse a certain reaction faster/with fewer 
intermediate catalytic steps/from another intracellular metabolite/with reduced energy 


consumption, in order to optimize productivity. 


Co-factor engineering 


Modifying a metabolic pathway enzyme requiring a certain co-factor to prefer one that is 


more abundant in the biological system, or engineering the cell to increase production of 


required co-factors. 


Synthetic enzyme scaffolds 


Utilizing a protein-based structure that can dock multiple enzymes in order to bring 


proximity of enzymes in a modular pathway and their respective substrates, thereby 
increasing reaction rate, and/or to be able to dock additional copies of a slower enzyme 
onto the scaffold in order to balance the carbon flux. 


Pathway optimization 


Optimizing expression of the pathway enzymes or construction of a system where the 


metabolic pathway gene expression is regulated by substrate presence, which can generate 
flux balance and lead to a more energy efficient system. 


Adapted after J.W. Lee, et al., Systems metabolic engineering of microorganisms for natural and non-natural chemicals, Nat. Chem. Biol. 8 (6) (2012) 


536—546. 
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This subsection is divided into four parts — 
the first discusses key features of fatty acid 
metabolism in yeast and E. coli, the second 
deals with metabolic engineering strategies to 
overproduce fatty acids in these hosts, the 
third summarizes information about the termi- 
nal enzymes responsible for natural straight- 
chain hydrocarbon formation and engineering 
strategies to produce these molecules in 
microbes, and the final section discusses chal- 
lenges and opportunities in the field. 

Fatty alcohols and FAEE are also prospec- 
tive biofuels derived from fatty acids that do 
not, however, have optimal properties for jet 
fuel purposes, though research in this field is 
described in detail in chapter “The Suitability 
of Fatty Acid Methyl Esters (FAME) as 
Blending Agents in Jet A-1’ [26]. When the 
general approach to producing them pertains 
to the production of alkanes /alkenes, they will 
be brought into the discussion. 


7.2.1 Fatty Acid Biosynthesis and 
Degradation 


The overall reaction principles of fatty acid 
biosynthesis (FAB) are evolutionarily con- 
served from bacteria to eukaryotes, but the 
enzymatic machinery differs from a struc- 
tural point of view. In short, the synthesis is 
based on a cyclic system, where aliphatic 
thioester-intermediates are extended by two 
carbons at a time through four steps: (1) con- 
densation, (2) reduction, (3) dehydration, and 
(4) reduction. The mechanisms are illustrated 
in Fig. 7.2. 

The first and committed step of FAB is initi- 
ated when the compound acetyl-coenzyme A 
(acetyl-CoA, Ac-CoA), a two-carbon metabolic 
intermediate at the junction of catabolic and 
anabolic pathways, is converted to malonyl- 
CoA (Ma-CoA) by addition of dissolved 
CO, in a biotin- and ATP-dependent reaction 


catalysed by acetyl-CoA carboxylase (Acc1 in 
yeast and AccABCD in E. coli, respectively) 
[27]. The malonyl-moiety is transferred to an 
acyl-carrier protein (ACP), and then serves as 
the extender unit in FAB, in which the fatty 
acid chain is elongated by two carbons at a 
time. 

In eukaryotic organisms such as yeast, the 
cytosolic fatty acid synthase (FAS) enzyme con- 
sists of two distinct polypeptides — encoded by 
FAS1 and FAS2 — containing all enzymatic 
domains required for FAB, a system called 
type I FAS [27]. In the bacterial machinery, 
the enzymes involved in FAB are instead 
composed of individual proteins, called the 
type II FAS system [28]. The main yeast FAB- 
system is located in the cytosol, but yeast also 
contain a mitochondrial system of type IL 
which is essential for respiratory growth due 
to the mitochondrial requirement for lipoic 
acid [29]. 

In yeast, cytosolic FAB is initiated through 
the transfer of Ac-CoA to ACP located within 
the Fas2-polypeptide, while ACP-bound inter- 
mediates in E. coli are formed in a dissociated 
state (as ACP is expressed as an individual poly- 
peptide). The first reaction in the FAB cycle is a 
condensation reaction between the acetyl and 
malonyl unit catalysed by a ketoacyl synthase 
(KS subunit or FabH), during which one carbon 
is lost in the form of CO». In yeast, the acetyl 
unit is bound to ACP, while in E. coli the acetyl- 
unit remains in CoA form. The chain elongation 
beyond the first cycle is catalysed in E. coli by 
other enzymes than FabH (ie, FabB/FabF) due 
to the required change in substrate specificity 
(CoA to ACP), while the KS module per- 
forms all condensation reactions in yeast. After 
condensation, the produced ketoacyl-ACP is 
reduced to B-hydroxyacyl-ACP in an NADPH- 
consuming step by a _ ketoacyl reductase 
(KR subunit or FabG). In the next stage, the 
B-hydroxyacyl-ACP is dehydrated to B-enoylacyl- 
ACP by enoyl dehydratase (DH subunit or 
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FIGURE 7.2 The reaction principles and enzymatic components of the fatty acid biosynthesis system in Saccharomyces 
cerevisiae and Escherichia coli, respectively. Fas1/2, fatty acid synthase subunits; Accl and AccABCD, acetyl-CoA carboxyl- 
ase; ACP, acyl-carrier protein; AT, acetyl transferase; MPT and FabD, malonyl-palmitoyl transacylase; KS and FabB/F/H, 
ketoacyl synthase; KR and FabG, ketoacyl reductase; DH and FabA/Z, enoyl dehydratase; ER and Fabl, enoyl reductase. 


FabZ/FabA), and further reduced to an acyl- 
ACP molecule of C,42 while consuming an 
additional molecule of NADPH through the 
action of an enoyl reductase (ER subunit or 
Fabl). This newly formed acyl-ACP then under- 
goes subsequent elongation cycles to reach a 
final length of normally 16 or 18 carbons, which 
constitute the major fatty acid types in both 
E. coli and yeast [27,28]. A distinction is that the 


end product of FAB in yeast is generated when 
the Fas2-bound acyl-chain is enzymatically 
released as acyl-CoA, while the bacterial end 
product is acyl-ACP. This difference has impli- 
cations in downstream applications, since 
biofuel-converting enzymes have different 
specificities towards these intermediates. 

The formed acyl-chains have multiple desti- 
nations within cells. A fundamental function is 
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the formation of membrane lipids. This requires 
that the fatty acids be converted into amphiphi- 
lic phospholipids that can form bilayers. A 
large proportion of the yeast fatty acids formed, 
around 75—80%, are enzymatically desaturated 
by individual enzymes, a feature that helps to 
increase membrane fluidity [30]. The desatura- 
tion process in E. coli instead takes place during 
the fatty acid chain synthesis by the activity of 
the enzymatic players FabA and FabB as 
opposed to FabF and FabZ, which will produce 
saturated fatty acid species [31]. 

Compared to bacteria, the complexity of 
lipid metabolism in yeast increases due to the 
distinct feature of eukaryotic cells: compart- 
mentalization, which is the presence of multi- 
ple types of membrane-enclosed organelles 
with different function and physiology. For 
example, in the endoplasmic reticulum, fatty 
acid elongation up to C26 is executed by the 
proteins Elol, 2, and 3 [27], in the lipid droplet 
triacylglycerol (TAGs) and sterol esters (SEs) 
are formed and stored [32], and in the peroxi- 
somes -oxidation (the breakdown of fatty acid 
chains) takes place. 8-Oxidation is a critical 
system for cells in order to grow on fatty acid 
substrates, and essentially consists of the 
reversed reactions compared to FAB: cyclic 
steps of (1) oxidation, (2) hydration, (3) oxida- 
tion, and (4) thiolytic cleavage. The mechan- 
isms in E. coli and S. cerevisiae are depicted in 
Fig. 7.3. 

FAB demands a lot of energy, and produc- 
tion of one Cjs-fatty acid will consume nine 
Ac-CoA, eight ATP, and 16 NADPH. Thus, 
in order to not waste the cell’s energy 
resources, the process is heavily regulated, 
where transcriptional, translational [27,28], as 
well as posttranslational mechanisms are 
involved [33]. Furthermore, fatty acid synthe- 
sis is subject to product inhibition by acti- 
vated fatty acid species on multiple levels 
[34—36]. This regulation poses great chal- 
lenges to the overproduction of fatty acid- 
derived compounds. 


The previously described FAB-system for 
yeast is valid for both S. cerevisiae and Y. lipoly- 
tica. However, one important distinction 
between the two is the presence of an ATP cit- 
rate lyase (ACL) in Y. lipolytica, as well as in 
other oleaginous yeasts. This enzyme produces 
cytosolic acetyl-CoA from citrate, which can be 
exported out of the mitochondrion, thus 
increasing the precursor supply for FAB [32]. 
During lipid accumulation — for example, in 
nitrogen-limited conditions when nucleotides 
and proteins cannot be produced — the mito- 
chondrial isocitrate dehydrogenase is down- 
regulated, increasing the flux through ACL 
and towards TAG-synthesis [37]. ACL is there- 
fore hypothesized to be a critical component 
adding to the oleaginous character of this and 
other yeasts. 


7.2.2 Engineering Examples to Increase 


FAB and Lipid Production 


There have been extensive efforts to opti- 
mize microbial FAB for oleochemical pro- 
duction purposes. This includes increasing 
precursor supply as well as FAB, altering regu- 
latory mechanisms within the concerned sys- 
tem, and exploring synthetic systems. 
Representative examples of this are described 
below (see also Fig. 7.4). 


7.2.2.1 Engineering Acetyl-CoA 
Metabolism 


The metabolic intermediate acetyl-CoA is 
the universal precursor for biosynthesis of 
fatty acids, and also for isoprenoids, in yeast. 
Accordingly, multiple efforts to up-regulate 
the precursor pool of acetyl-CoA in cell facto- 
ries with the aim to increase production of 
such compounds have been made [38]. 

Due to compartmentalization, there exist 
distinct acetyl-CoA pools in yeast, of which 
the cytosolic one is responsible for FAB for 
membrane and storage lipid biosynthesis. An 
example of cytosolic acetyl-CoA engineering 
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FIGURE 7.3 The reaction principles and enzymatic components of (-oxidation in Saccharomyces cerevisiae and 
Escherichia coli, respectively. Faa1/2/3/4 and FadD, fatty-acyl CoA synthase(s); Fatl, very long chain fatty acyl-CoA 
synthase; Poxl and FadE, acyl-CoA oxidase; Mfe2 and FadB, enoyl-CoA hydratase/hydroxyacyl-CoA dehydrogenase; 


Potl and FadA, ketoacyl-CoA thiolase. 


in yeast was set by Shiba et al., who targeted 
the pyruvate dehydrogenase (PDH) bypass. 
By overexpressing the endogenous acetalde- 
hyde dehydrogenase Adh6 and a deregulated, 
heterologous version of acetyl-CoA synthase 
(acs) from Salmonella enterica, acs***'", flux 
towards the cytosolic acetyl-CoA node, and 
the isoprenoid product amorphadiene was 
increased fourfold at the expense of ethanol 
formation [24]. 

Many heterologous pathway options to pro- 
duce cytosolic acetyl-CoA in yeast have been 


considered, in part since the native route is 
energy demanding. In addition, the native 
route bypasses the metabolite acetaldehyde, 
which can be efficiently converted to etha- 
nol, a by-product that severely lowers the 
theoretical product-on-substrate yield for 
fatty acid and isoprenoid-based products. For 
example, pathways based on phosphoketo- 
lase [39], ACL [40—42], pyruvate formate 
lyase [43], acetylating acetaldehyde dehydro- 
genase (A-ALD) [43], and the PDH complex 
[44] are all acetyl-CoA-forming pathways 
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used to channel carbon towards the cytosolic 
acetyl-CoA node in yeast to increase acetyl- 
CoA-derived product formation. The develop- 
ment of an efficient alternative route will help 
decrease the amount of carbon lost to ethanol 
as well as reduce energy costs. In addition, it 
could complement the deletion of the three iso- 
enzymes encoding pyruvate decarboxylase 
(Pdcl, 5, 6), creating a strain that is completely 
deficient in ethanol production, and thus has 
potential to act as a yeast platform strain with 
low by-product formation [45]. 

In E. coli, several enzymes intersect the 
acetyl-CoA metabolism for FAB since no com- 
partmentalization is present. To keep a high 
acetyl-CoA level, many strategies have aimed 
to delete metabolic pathways leading to fer- 
mentation products, such as acetate [46,47], 
up-regulating the acetyl-CoA-forming enzymes, 
such as PDH [48], and fast-channeling the 
formed acetyl-CoA to downstream pathways, 
for example, by overexpressing the first enzyme 
in FAB, acetyl-CoA carboxylase [49]. 

More details on the subject of engineering 
acetyl-CoA metabolism in microorganisms are 
available in a comprehensive review recently 
published on the topic [38]. 


7.2.2.2 Fatty Acid and Lipid 
Overproduction 


Fatty acids and lipids are not only valuable 
as biofuel precursors, but also as food addi- 
tives, consumer products, etc. This is why 
attempts and strategies to overproduce these 
compounds in microorganisms are numerous. 
Fatty acid-accumulating strains can be used as 
platform strains for specific applications (eg, 
for alkane synthesis). Due to the sheer quantity 
of studies performed to increase yields, and 
numerous strategic overlaps in these studies, 
the principle targets of these strategies are 
described, and a few key studies presented in 
more detail. 


7.2.2.2.1 OVEREXPRESSION OF ENZYMES 
DIRECTLY RELATED TO FAB 


In order to overproduce fatty acids, the 
strategies described in the previous section to 
increase acetyl-CoA levels are applicable. The 
subsequent step is to focus on FAB. A straight- 
forward and beneficial principle in yeast 
has been to co-overexpress the endogenous 
acetyl-CoA carboxylase and the FAS-enzymes 
[50]. The sole overexpression of AccABCD in 
E. coli had no impact on fatty acid yields, 
possibly due to product inhibition of acyl- 
ACP, but a small positive effect when a “pull” 
from the acyl-ACP pool was implemented [51]. 
Accl in S. cerevisiae is inhibited by posttransla- 
tional phosphorylation, and removal of this 
regulation increases its activity in metabolic 
engineering strategies [33,52]. The utilization 
of heterologous FAS-systems in S. cerevisiae 
has also been reported, for example, functional 
utilization of a modified human FAS-system 
[53], or utilization of a bacterial FAS type I 
system which is assumed to bypass native reg- 
ulation [54]. Heterologous expression of a 
FASI-system in E. coli has also been reported 
in an attempt to overproduce fatty alcohols 
[55]. The terminal enzyme for fatty alcohol 
production acts upon the intermediate acyl- 
CoA, which is directly produced by the FASI 
FAB-system, but requires two additional enzy- 
matic reactions from acyl-ACP in prokaryotic 
systems. The system was functional in vivo, 
but failed to increase yields compared to the 
endogenous system. 


7.2.2.2.2 RELEASE OF FREE FATTY ACIDS AS A 
MEANS TO INCREASE FLUX THROUGH FAB 


Due to the previously mentioned repression 
of the FAB-machinery by their products, acyl- 
ACP in E. coli and acyl-CoA in yeast, a well- 
explored method to increase yields of fatty 
acids in E. coli is to convert these end products 
into free fatty acids (FFA), a reaction catalysed 
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by thioesterases. Early attempts to utilize this 
principle for engineering of fatty acid metabo- 
lism showed that overexpression of a native 
thioesterase, TesA, modified to localize to the 
cytosol [56], and a thioesterase from 
Umbellularia californica [51], both improved 
FFA-yields significantly in E. coli. Subsequent 
studies of a broad range of thioesterases in 
E. coli showed a great variety of substrate speci- 
ficity (Cy to C16) and activity (up to 2 g/L pro- 
duced FFA by overexpression of a single 
thioesterase), suggesting thioesterases as the 
major determinants of fatty acid chain length, 
thus providing an indispensable tool for engi- 
neering of fatty acid metabolism [57—60]. The 
thioesterase principle has been shown to work 
in S. cerevisiae as well. Expression of the trun- 
cated TesA variant from E. coli improved FFA 
levels eightfold [50], and expression of a recom- 
binant human FAS-system where the thioester- 
ase domain was replaced with one specific 
towards short- and medium-chain acyl-CoAs 
enabled the production of 111 mg/L short- 
chain fatty acids [53]. In yeast, the system offers 
less flexibility due to the fungal FAB system, 
where the growing acyl chain is attached to the 
ACP units of the FAS complex, which is why a 
soluble thioesterase only has access to the 
released C16—C1g acyl-CoA species. 

The opposite reaction, the conversion of 
FFAs into acyl-CoAs, has also been targeted 
with metabolic engineering. In S. cerevisiae, 
the genes FAA1/2/3/4 all encode fatty acid- 
activating enzymes and are essential for 
growth if fatty acids are used as the sole 
carbon source, due to the necessity of acyl- 
CoA species as substrates for (-oxidation 
and incorporation into membrane or storage 
lipids. The protein products of FAAI and 
FAA4 have been shown to be responsible 
for the vast majority (=98%) of the long- 
chain fatty acid activation, such as Cy¢g—Cijg 
[61]. Thus, deletion of these two particular 
genes in yeast enables high levels of FFA 
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production and secretion [50,62]. The combi- 
nation of FAAI/FAA4 deletion with expres- 
sion of a heterologous thioesterase with 
broad substrate-range led to the production 
of approximately 490 mg/L extracellular FFA, 
where a significant proportion (~40%) was 
unsaturated, compared to the WT, where no 
unsaturated FFAs were detected [62]. 


7.2.2.2.3 PREVENTING DEGRADATION OF 
FATTY ACIDS — BLOCKING -OXIDATION 


In E. coli, activation of fatty acids to acyl- 
CoA constitutes the initiation of 3-oxidation. A 
functional 8-oxidation pathway will diminish 
yields when fatty acids are the aim of produc- 
tion, which is why many studies in E. coli 
involved deletion of the endogenous gene 
fadD, which encodes an acyl-CoA ligase 
[49,58]. It should however be noted that this is 
not a preferable choice if a terminal enzyme 
utilizing acyl-CoA is exploited. Therefore, tar- 
geting the second enzyme involved in the 
oxidation process, fadE, is more favourable 
[56]. Deletion of -oxidation in yeast, which 
exclusively takes place in the peroxisomal 
compartment, has also been targeted, mainly 
through deletion of POX1, the gene encoding 
the enzyme catalysing the first step in the 
oxidation process, the conversion of per- 
oxisomal acyl-CoA into trans-2-enoyl-CoA 
[50,63,64]. A recent study also showed that 
the effect can be enhanced by combining the 
POX!1 deletion with deletion of genes encod- 
ing Pxal, which transports acyl-CoA into 
the peroxisome, and Faa2, an acyl-CoA ligase 
located in the peroxisome, possibly due to 
the presence of auxiliary enzymes in the 
3-oxidation pathway [64]. 


7.2.2.2.4 MANIPULATING STORAGE LIPID 
FORMATION IN YEAST FOR INCREASED 
FREE FATTY ACIDS 


Another option to generate FFAs in yeast by 
reducing by-product formation is to modulate 
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storage lipid and lipid body formation. There 
are four main genes related to the generation 
of the two storage lipid species in yeast: DGAI1 
and LRO1 responsible for TAG formation, and 
ARE1 and ARE2 in charge of SE synthesis. 
Storage lipid formation is not essential in 
yeast, and deletion of the four genes men- 
tioned above will deplete lipid body formation 
and reduce fitness in yeast [65]. A study that 
coupled the deletion of storage lipid formation 
with improved production of the fatty acid- 
derived fuel FAEE in S. cerevisiae reported a 
1.7-fold increase in yield, and if $-oxidation 
gene POX1 was additionally knocked out, a 
2.9-fold increase in FAEE was seen compared 
to the control [63]. 

A less direct approach is to instead 
increase the flux through the lipid body by 
overexpressing storage lipid formation genes 
in concert with lipases that are responsible 
for degrading TAGs and SEs into FFAs. By 
overexpressing the TAG synthase Dgal and 
the lipase Tgl3 in combination with eliminat- 
ing the fatty acid-activating enzymes Faal, 
Faa4, Fatl, and deleting 8-oxidation genes 
POX1, FAA2, and PXAI in S. cerevisiae, an 
extracellular FFA titre of 2.2¢/L could be 
achieved — the highest reported so far [64]. 
A benefit of this strategy in comparison to 
the deletion of storage lipid formation genes 
is that it consumes the acyl-CoA molecules 
that otherwise would inhibit FAB, enabling a 
faster fatty acid biogenesis. 


7.2.2.2.5 INFLUENCING FATTY ACID 
METABOLISM THROUGH REGULATORY 
COMPONENTS 


Due to the tight regulation of FAB, another 
strategy has been to focus on global regulators 
coupled to fatty acid metabolism. For example, 
a pioneering study made in E. coli shows that 
overexpression of the transcriptional regulator 
FadR, activating unsaturated FAB and deacti- 
vating 8-oxidation, could increase the total 


fatty acid titres to 5.2+0.5 g/L, which is 7.5 
times higher than the control strain with nor- 
mal FadR levels, and corresponds to a yield of 
0.26 g FA/g glucose or 74% of the theoretical 
maximum yield [66]. In yeast, a study was 
conducted to investigate if the deletion of neg- 
ative regulators of phospholipid synthesis 
could increase production of fatty alcohols, 
which are directly obtained from acyl-CoA 
[42]. The logic behind this strategy is that it 
would simultaneously increase the flux 
through the ACC/FAS system because fatty 
acids are required as precursors for phospho- 
lipid synthesis. Out of six deletions, the one of 
RPD3 helped to increase the fatty alcohol titre 
from 71 to 140mg/L. A study performed in 
Y. lipolytica also showed that the deletion of 
the global regulator Snfl increased the lipid 
content in the yeast by 2.6 times [67]. 
However, such a correlation could not be seen 
between a knockout of Snfl and fatty alcohol 
production in S. cerevisiae, which was unex- 
pected, since Snf1 is known to negatively regu- 
late Accl in this host [42]. 


7.2.2.2.6 INCREASING STORAGE LIPID 
FORMATION IN YEAST 


Most strategies described above aim to 
increase the yield of FFAs or activated fatty 
acids instead of focusing on increasing the 
storage lipid content. This is due to the fact 
that fatty acids in the form of TAG/SE cannot 
directly be converted enzymatically into fuel 
molecules within the cell. However, the option 
to produce microbial lipids, which can be 
converted catalytically to fuels, is an alterna- 
tive option. Examples of boosting storage lipid 
formation in S. cerevisiae exist. Optimization 
of TAG formation was investigated through 
the expression of a native Dgal with an 
N-terminal deletion, DgaANp, in yeast back- 
grounds where the native DGAI locus and, 
in particular, its 3’ terminal region had been 
deleted. These led to a lipid content close 
to 45% of cell dry weight, corresponding to 
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an oleaginous phenotype. The phenotype is 
thought to be connected to the disruption and 
lowered expression of ESA1, encoding a his- 
tone acetyltransferase, which is chromosomally 
adjacent to DGA1 in S. cerevisiae [68]. 

The collective metabolic engineering efforts 
in the oleaginous yeast Y. lipolytica have, on 
the other hand, primarily been aimed at pro- 
ducing maximal amounts of TAG stored in 
lipid droplets. In a study from 2014, Y. lipolyti- 
ca engineered to overproduce lipids and cells 
accumulated lipids to about 90%, reaching 
titres around 25.3 g/L, which represented a 
greater than 60-fold improvement over the 
parental strain [69]. The result was based on 
deletion of genes connected to 8-oxidation and 
peroxisome biogenesis, overexpression of a 
gene involved in TAG synthesis, as well as 
optimization of cultivation conditions. In 2015, 
a significant achievement was accomplished 
when Qiao et al. identified a human gene pres- 
ent in cellular obese phenotypes encoding a 
delta-9-steroyl-CoA desaturase (SCD) generat- 
ing mono-unsaturated fatty acids. Expression 
of SCD in Y. lipolytica similarly managed to 
reduce product inhibition (from saturated 
acyl-CoA) in fatty acid synthesis as well as 
stimulate TAG-synthesis. Co-expressing SCD 
with native ACC1 and DGA1 genes led to a 
strain with a product-on-substrate yield of 
84.7%, lipid titres close to 55 g/L, and a maxi- 
mal productivity of about 1 g/L per h [70]. 


7.2.2.2.7 FAB THROUGH REVERSED 
8-OXIDATION 


Production of bulk chemicals, such as bio- 
fuels, requires very high yields in order to be 
economically viable. The high energy input 
required in natural FAB means on a practical 
level that the theoretical yield is fairly low. 
The energy demand is high due to the use of 
malonyl-CoA/ACP as an extender unit in 
FAB, since its biosynthesis requires one ATP. 
In 2011, a pioneering study was performed 
where the ($-oxidation process in E. coli was 
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reversed. As opposed to FAB, B-oxidation is a 
reversible process, which can function in an 
opposite direction in the absence of fatty acids. 
In this mode, the enzymatic steps are identical 
to the natural FAB except for the initiation, 
which employs acetyl-CoA as an extending 
unit. This means that one ATP can be spared 
per elongation cycle. In the absence of fatty 
acids, E. coli will strongly repress the expres- 
sion of 3-oxidation-related operons in order to 
prevent the reversed reaction. In the study by 
Dellomonaco et al., E. coli was modified in sev- 
eral regulatory aspects, such as exploiting 
mutated versions of FadR and AtoC (negative 
regulators of 8-oxidation), allowing for consti- 
tutive expression of the B-oxidation genes even 
in the absence of fatty acids and in the pres- 
ence of glucose. Furthermore, several fermen- 
tation pathways were blocked. In combination 
with expression of enzymes with terminal 
activity, high titres and yields could be 
achieved. For example, when the n-butanol- 
forming enzyme FucO was expressed in the 
deregulated strain cultivated in high-glucose 
media, around 14 g/L of n-butanol were pro- 
duced, corresponding to 0.33g butanol/g 
glucose consumed and a productivity of 
2¢/gCDW/h. In combination with over- 
expression of a 3-ketoacyl-CoA thiolase with 
broad chain-length specificity and a thioester- 
ase with long-chain specificity, and a deletion 
of fadD, efficient production of FFAs was 
enabled with titres and yield of 7¢/L and 
0.28 g/g [71]. In a following study, instead of 
utilizing the regulatory approach, several 
possible enzyme candidates for the reversed 
reactions were characterized in vitro. The 
best candidates were overexpressed with 
thioesterases of different chain-length speci- 
ficity, and reasonably high titres for shorter- 
chain (C4) products were obtained, while 
longer-chain products (up to Cy.) were 
detected at lower titres [72]. 

Recently, fatty acid synthesis through rever- 
sal of -oxidation was also implemented in 
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S. cerevisiae in a synthetic biology approach 
[73]. In this system, the native Potl, which 
catalyses the last step in (B-oxidation, or the 
acetoacetyl synthase Erg10, were used as 
ketoacyl-CoA synthases (KS). Two mitochon- 
drial 8-oxidation enzymes from Y. lipolytica 
normally catalysing hydration and the subse- 
quent dehydrogenation of 2-enoyl-CoA were 
utilized for their reversed reactions (DH and 
KR activity, respectively). The last selected 
gene was the yeast native ETR1, whose protein 
product catalyses the last reductive step in 
mitochondrial FAB. Instead of targeting regu- 
latory components of the system, the genes 
were simply overexpressed from a plasmid. By 
co-expressing genes involved in n-butanol, 
FAFE, and fatty alcohol formation, and detect- 
ing the corresponding products, the system 
proved to be functional up to medium-chain 
products (4-cycle reversal). However, obtained 
yields were on the milligram scale, which is 
far from what was obtained in E. coli. The low 
yields were in part attributed to the limitation 
of acetyl-CoA concentration in the cytosol. 
Nevertheless, reversal of B-oxidation remains a 
promising strategy to produce fatty acid-based 
products at higher theoretical yield. 


7.2.3 Natural Straight-Chain 
Hydrocarbon-Forming Pathways and 
Metabolic Engineering Strategies to 


Produce Alka(e)nes 


For many decades it has been known that 
both microorganisms and higher organisms 
naturally have capacities to produce alkanes 
and alkenes (alka(e)nes) [74], but it was not 
until recently that strong efforts were put into 
investigating the genetic components of these 
pathways, most likely as a response to the 
urgent need of developing renewable biofuels. 
Here, three mechanistically different routes for 
natural alkane/alkene formation from fatty 
acid intermediates are presented, alongside 


metabolic engineering strategies to improve 
their production. The pathways include a 
reductive two-step pathway from activated fatty 
acid species or FFA, a head-to-head condensa- 
tion reaction between two fatty acid chains, and 
a one-step reduction of free fatty acids to termi- 
nal alkenes. Of the discussed pathways, the first 
one is by far the most studied and extensively 
used in metabolic engineering strategies for 
microbial alka(e)ne production. To visualize and 
put the pathways into context, a brief summary 
of the heterologous pathways and the cellular 
substrates they would act on in S. cerevisiae 
can be found in Fig. 7.4 (indicated with green 
(dark grey in print versions) arrows/text), and a 
detailed overview of the three reaction types is 
summarized in Fig. 7.5. 


7.2.3.1 Two-Step Reduction: Alkane 
Formation Through the Combined Action of 
Fatty Acid Reductases and Fatty Aldehyde 
Deformylating Oxygenases 


Schirmer et al. first elucidated the cyanobac- 
terial pathway for straight-chain alkane 
(Ci5—Cj7) synthesis in 2010 [75]. By perform- 
ing subtractive genome analysis between 
alkane- and nonalkane-producing species, the 
authors found the pathway to be composed of 
two enzymes — an acyl-ACP reductase (AAR) 
and an aldehyde decarbonylase (AD; later sug- 
gested to be an aldehyde deformylating oxyge- 
nase, ADO, which will be the name used from 
here onwards), and their activity was verified 
by heterologous expression of the correspond- 
ing genes and product quantification in E. coll. 
The AAR catalyses the reaction from an acti- 
vated fatty acid to the corresponding alde- 
hyde, while the ADO decarbonylates the 
aldehyde into an alka(e)ne of chain length 
C,,-1. This is why the alkanes found in organ- 
isms that almost exclusively produce even- 
chain fatty acids consist of uneven carbon 
chain length. Moreover, in vitro studies of the 
enzymes also revealed that ADO requires 
reducing equivalents (NADPH) and an 
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electron donor system, which in E. coli can be 
supplied by ferredoxin (F) and ferredoxin reduc- 
tase (FNR). When Synechococcus elongatus AAR 
and Nostoc punctiforme ADO were expressed 
in E. coli, the total alkane titre was around 
300 mg/L where pentadecane was found in 
majority [75]. The study has generated numer- 
ous follow-up reports characterizing the gene 
products and their reaction components with 
the main focus on ADO [76—82]. 

The reduction of activated fatty acids by AAR 
requires divalent metal ions (eg, Mg*") and 


NADPH as co-factor and is activated by K". The 
keat Of S. elongatus upon stearoyl-CoA was 
measured to be 0.36 min ', indicating a rather 
inefficient enzymatic conversion [82]. However, 
initial studies suggest that AAR has a specificity 
for acyl-ACP rather than acyl-CoA, supported 
by in vitro assays as well as an in vivo experi- 
ment [75]; thus, the true activity of AAR might 
be higher. This is also supported by a sub- 
sequent study on N. punctiforme AAR [83]. 

The ADO reaction has been proven to 
require both oxygen and NADPH while 
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tion enzymes from Micrococcus luteus. 


releasing formate, which is why the enzyme 
now is referred to as aldehyde-deformylating 
oxygenase [78,79]. The kinetic properties of 
ADO are poor, and the enzyme has been seen 
to only achieve 3—5 catalytic turnovers in 
in vitro experiments [76,78,79]. ADO is sug- 
gested to be the rate-limiting step of the paired 
enzyme reaction [83]. In vitro studies also 
revealed that ADO is reversibly inhibited by 
hydrogen peroxide (H202), a compound that 
can form when NADPH and oxygen are in 
excess. Since both NADPH and oxygen are 
vital for ADO function, and are likely to form 
H0O, (also in vivo), ADO activity has been 


increased fivefold in vivo by fusing ADO to 
catalase, an enzyme that converts H20, to the 
ADO-substrate O, [81]. 

A recent study characterizing both AAR 
and ADO from the cyanobacterial species N. 
punctiforme showed that the two enzymes form 
a tight complex, where transfer of the cytosoli- 
cally insoluble fatty-aldehyde intermediate to 
ADO is facilitated, which increases the cata- 
lytic capacity of ADO as compared to when it 
is supplied with exogenous fatty aldehydes at 
high concentration [83]. Whether this interac- 
tion is conserved in AAR/ADO enzyme pairs 
from other species remains to be answered, 
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but the consequence is that utilization of 
ADOs with alternative, noncognate fatty acid 
reductases (FARs) might affect the efficiency 
of the terminal catalytic step. A potential way 
to reduce such an effect is to bring the path- 
way enzymes in proximity to each other, either 
by protein fusion or by using protein scaffolds. 
Rahman et al. investigated whether alkane 
production could be increased in this manner, 
and saw a 4.8-fold increase for an AAR/ADO 
fusion construct, and an 8.8-fold increase when 
a scaffold that had space for one AAR and 
three ADO enzymes (both from S. elongatus) 
compared to the control strain where the 
enzymes were expressed separately [84]. This 
indicates a general importance of proximity 
of the two pathway enzymes for optimal 
productivity. 

The plant Arabidopsis thaliana produces 
very-long chain alkanes as constituents of a 
protective wax. The gene CERI has for many 
years been presumed to be involved in long- 
chain alkane biosynthesis [13], and its protein 
product was recently shown to catalyse the 
reaction of VLC (very long chain, ~C3 9) acyl- 
CoA to VLC alkanes together with CER3 and 
CYTB5 in the heterologous host S. cerevisiae 
(modified to produce VLC fatty acids) [85]. 
The proposed enzymatic mechanism of action 
is that CER1 and CER3 form a heterodimer 
where CER3 produces an aldehyde intermedi- 
ate that can be converted to an alkane by 
CER1, while CYTB5 acts as an electron donor 
to CER1, which contains a di-iron catalytic 
core also found in cyanobacterial ADO [85]. 
Thus, the pathway is presumed to have the 
same catalytic reaction setup as the cyanobac- 
terial AAR/ADO-system. In an E. coli strain 
engineered to  overproduce short- and 
medium-chain fatty acids (Cg—C,4), CERI! 
from A. thaliana was used in combination with 
a fatty acyl-CoA reductase (Acr) from 
Clostridium acetobutylicum to produce short- 
chain alkanes in a fed-batch fermentation at a 
titre of 0.58 g/L — the highest reported titre of 
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microbially produced alkanes until now [86]. 
Accordingly, substrate specificity of CER1 
appears to be relatively broad in vivo, as it is 
responsible for production of VLC alkane spe- 
cies in its native host. Furthermore, the fact 
that sole expression of CER1 generated alkanes 
in E. coli when a heterologous acyl-CoA reduc- 
tase was expressed supports the hypothesis 
given by Bernhard et al. that CER3 might cata- 
lyse the acyl-CoA reductase reaction [85], since 
individual CER1 expression in yeast failed to 
produce any alkanes. 

The carboxylic acid reductase (CAR) from 
Mycobacterium marinum has been observed to 
have a broad range activity towards FFAs 
with chain lengths ranging from C, to Cig, 
and converts them into fatty aldehydes [87]. 
This is in contrast to the pathway previously 
presented from cyanobacteria, where the 
AAR relies on an activated form of fatty 
acids, primarily fatty acyl-ACPs [75]. As pre- 
viously mentioned, fatty acid synthesis is 
subjected to product inhibition by activated 
fatty acid species on multiple levels [34—36]. 
Thus, utilization of this pathway, in combina- 
tion with an enzyme that can release FFAs 
from activated ones, can pose a useful way to 
circumvent the problem. 

A study showed that a CAR-related enzyme 
from Nocardia sp. requires posttranslational 
activation by a phosphopantetheine transferase 
(PPTase) for functionality [88]. Akthar et al. 
expressed M. marinum CAR and an activating 
PPTase from Bacillus subtilis, Spf, in E. coli to 
obtain fatty aldehydes. Furthermore, they 
overexpressed the endogenous thioesterase 
TesA to obtain high intracellular levels of 
FFA from acyl-ACP, as well as a fatty alde- 
hyde reductase (AHR) to obtain fatty alcohols 
from aldehyde intermediates. In a strain over- 
expressing all the above-mentioned enzymes, 
they managed to produce around 360 mg/L 
of fatty alcohols [87]. The CAR/Spf system 
was also utilized in a study attempting to pro- 
duce the gaseous alkane propane in E. coli [59]. 
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A heterologous butyryl-ACP-specific thio- 
esterase was introduced that was capable of 
intervening in the native fatty acid synthesis, 
thus releasing byturic acid (C4), which sub- 
sequently could be converted to C3 alkane by 
combining it with the activities of CAR/Spf 
and a cyanobacterial ADO/FNR-system. By 
deleting native AHRs responsible for fatty 
alcohol formation and optimization of Op 
availability, a final titre of 32 mg/L propane 
was obtained. The low titres were believed to 
be connected to low affinity of ADO towards 
short-chain aldehydes. 

Proof-of principle production of alkanes in 
E. coli with the ADO-system has been abun- 
dant, but was first demonstrated in S. cerevisiae 
in 2015 [89]. The authors expressed the FAR 
and ADO encoded by S. elongatus orf1594 and 
orf1593, respectively, in yeast, without being 
able to detect any alkanes. By co-expressing 
the alkane pathway with the redox-system 
F/FNR from E. coli, still, only trace amounts of 
heptadecane were produced. By further delet- 
ing a native aldehyde dehydrogenase specu- 
lated to convert the produced aldehydes to 
FFAs, thus competing with an already kineti- 
cally challenged ADO, the yield was increased 
to 22 ug/gCDW. The simultaneous production 
of fatty alcohols at a level of 520 pe/gCDW 
indicates that ADO is a limiting factor in the 
system, and that more enzymes (AHRs) need 
to be potentially eliminated to reduce by- 
product formation. 


7.2.3.2 One-Step Reduction: Terminal 
Alkene Synthesis 


Another biosynthetic route for hydrocar- 
bons is widespread in species of the 
Jeotgalicoccus genus [90]. These organisms pro- 
duce terminal alkenes through the action of a 
P450 enzyme that uses FFA as substrates, thus 
constituting a direct pathway for hydrocarbon 
synthesis. In 2011, Rude et al. first identified 
the gene and protein responsible for this 


synthesis in Jeotgalicoccus sp. ATCC 8456, 
which was named OleTjg and is proposed to 
perform a decarboxylation of the fatty acid 
while using H2O, as sole co-factor [90]. The 
enzyme has been found to accept and convert 
a range of different fatty acid substrates 
(Cy2—Co0) [91]. 

Hydrogen peroxide causes oxidative damage 
in cells and is therefore not an optimal co-factor 
for efficient biosynthesis of alkenes. To investi- 
gate whether OleTjg could function through 
a monooxygenase mechanism, a_ research 
group fused OleTyg to a reductase domain from 
Rhodococcus sp., RhFRED. This fusion con- 
struct enabled H2O2-independent production of 
alkenes by E. coli in the presence of NADPH 
and O>, with a maximum titre of 97.6 mg/L [92]. 

In a recent report, several homologs to 
OleTjg were expressed in S. cerevisiae to screen 
for an optimal enzyme candidate. The most 
active candidate was a codon-optimized ver- 
sion of OleTjg, and maximum titres after exten- 
sive engineering efforts, including precursor 
enhancement and co-factor engineering as well 
as optimization of gene expression and cultiva- 
tion conditions, reached 3.7mg/L — below 
what has been obtained in E. coli [93]. 

In 2014, another one-step decarboxylation 
pathway for terminal alkene synthesis was 
discovered. Within the genus Pseudomonas, 
several species produce 1l-undecene (C11). 
Expressing a genomic library from Pseudomonas 
fluorescens in E. coli and selecting clones posi- 
tive for 1-undecene production enabled determi- 
nation of the gene undA to be responsible for 
alkene formation in the native host. Biochemical 
characterization of the enzyme in vitro revealed 
that UndA is a nonheme protein that catalyses 
an iron- and oxygen-dependent conversion 
of medium chain (Cioọ—C14) FFAs to terminal 
alkenes, constituting a previously unidentified 
enzyme family [94]. Expression of several UndA 
homologs in E. coli resulted in titres ranging 
between 3—6 mg/L. 
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7.2.3.3 Head-to-Head Condensation 


In 2010, several orthologous bacterial path- 
ways for long-chain alkene synthesis were 
also genetically elucidated and characterized. 
This type of alkene formation relies on a con- 
densation reaction of two molecules of acyl- 
CoA to bring about alkenes of chain length 
C53—C33 [95—98]. The reactions were found to 
be catalysed by an enzyme group referred to 
as OleABCD, where OleA performs the first 
step through a Claisen condensation analo- 
gous to the one executed in FAB by ketoacyl- 
ACP synthase III, to which OleA shares 
sequence homology [96]. Subsequent in-depth 
studies of these biosynthetic enzymes sug- 
gested that OleA generates a (-ketoacid that 
can be converted in the presence of OleC 
and OleD into the corresponding alkene, 
while the function of OleB remained elusive 
[99]. OleD is speculated to be a NADPH- 
dependent reductase [96]. For aviation fuel 
purposes, however, long-chain alkenes are not 
optimal as increased chain length increases 
the melting point. 


7.2.3.4 Attempts to Diversify Alkane 
Production 


Since fatty acid species in organisms are 
even-chained due to the FAB mechanism, the 
alkane products obtained are odd-chained 
while fatty alcohols remain even-chained. 
There have been some efforts to expand this 
product profile to respond to the wide range 
of alkane species present in current petroleum- 
based fuels. 

The use of an alternative FAR system from 
Photorhabdus luminescens consisting of three 
genes (luxC, luxD, and luxE) also enabled 
reduction of FFAs in E. coli. A thioesterase from 
Cinnamomum camphora was used to create a free 
fatty acid of altered chain-length, enabling both 
even- and odd-chained alkane production. Yet, 
in combination with N. punctiforme ADO, only 
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modest titres of 2—5mg/L alka(e)nes were 
reached. To investigate whether the utilized 
FAR system was limiting alkane production, 
fatty aldehyde and fatty alcohol titres were also 
quantified. The result showed that fatty alcohol 
titres were high compared to fatty aldehydes, 
thus the low titres most likely depend on com- 
peting enzymes consuming the formed alde- 
hyde intermediate before ADO converts them 
into alkanes [100]. 

Another strategy included expression of an 
alternative enzyme to initiate FAB in E. coli 
[101]. The native enzyme, FabH, has high spec- 
ificity for acetyl-CoA, which results in a profile 
of even-chain fatty acids. To alter the profile, 
an alternative enzyme, FabH2 from B. subtilis 
was utilized, which has a higher activity 
toward longer-chain acyl-CoAs. When the 
AAR/ADO pathway from S. elongatus was 
expressed in combination with FabH2, alkane 
titres were doubled, however, only a low per- 
centage of the alkanes present were even- 
chained. When propanoate was fed to the cells, 
the even-chained alkenes increased from 6% to 
27% of the total amount, indicating that the 
precursor propionyl-CoA was limiting. 

Most recently, Cao et al. attempted to widen 
the product scope by utilizing an 
a-dioxygenase from rice (a-DOX) whose activ- 
ity forms “C-1” aldehyde intermediates from 
fatty acids, in contrast to the previously 
described fatty acid-based reductases. By com- 
bining a-DOX with a thioesterase and either 
an AHR or ADO, odd-chained alcohols, as 
well as even-chained alkanes, could be formed. 
By optimizing enzyme expression and cultiva- 
tion conditions, the highest fatty alcohol titre 
thus far could be reached: 1.95 g/L [102]. 


7.2.4 Limitations and Future Directions 


There is a huge gap between current micro- 
bial alkane yields and titres, currently in the 
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mg/L range, and what is required for commer- 
cial production. As described previously, 
endogenous fatty acid metabolism and cultiva- 
tion conditions have successfully been targeted 
to optimize production yields of lipids in pro- 
spective cell factories, but the main bottleneck 
of the alkane pathway is the poor enzymatic 
activity of AAR/ADO. Natural alkane require- 
ments in hosts such as plants, cyanobacteria, 
and insects are low, which is why it is plausible 
that evolutionary pressure to increase activity 
of these enzymes has remained low. Therefore, 
to make microbial alkane production more effi- 
cient, much work has to be put into engineering 
FAR, AAR, CAR, and ADO for higher efficacy. 
To make rational enzyme modifications, consid- 
erable knowledge of the structure—function 
relationship of the enzyme is required. 
Moreover, each individual mutant/enzyme var- 
iant has to be evaluated through product quan- 
tification. The overall process of a rational 
design cycle is therefore labor-intensive. 

In order to create a high-throughput screen- 
ing approach, one alternative is to construct 
libraries of randomly mutagenized enzymes 
and combine these with a metabolite sensor 
[103]. Such sensors can rely on transcription 
factor-based systems coupled to a reporter 
gene, for example, yielding a fluorescent out- 
put if the metabolite is detected. Thus, 
enzymes with improved activity could easily 
be selected by fluorescence-activated cell sort- 
ing (FACS). Sensors should optimally have a 
large dynamic range rather than an on-off 
signal — meaning that they should produce an 
increase in output with increasing stimulus — 
to be able to single out high producers from 
intermediate ones. Sensors that can detect 
intermediates in alkane synthesis have been 
developed; for example, malonyl-CoA sensors 
functional in several different organisms 
[104—106], and also a sensor system responsive 
to fatty acyl-CoA [107]. To increase activity of 
AAR/ADO-enzymes, metabolic sensors specif- 
ically sensing alkanes must be utilized. Both 


short-chain alkane sensors as well as medium- 
long-chain alkane sensors have been generated 
[108,109], and in 2015, a sensor based on tran- 
scriptional regulators from the hydrocarbon- 
utilizing organisms Acinetobacter baylyi and 
Pseudomonas oleovorans was also used to detect 
medium- and long-chain alkanes produced by 
the AAR/ADO-system [110]. These, and deri- 
vatives thereof, will likely become instrumen- 
tal in the development of more efficient 
alkane-producing enzymes. 

Metabolic sensors also show great promise 
in the optimization of metabolic pathway 
expression systems. The most common 
approach to reach high production yields in 
cell factories has for a long time been to simply 
overexpress the essential enzymes in the bio- 
synthetic pathway. However, this drains con- 
siderable amounts of energy towards protein 
synthesis and production of metabolic inter- 
mediates that might not be optimally utilized 
due to low substrate levels and inefficient 
downstream enzymes, respectively. Thus, the 
creation of dynamic systems able to respond to 
environmental stimuli, for example, to over- 
express a pathway enzyme only if there is 
abundant substrate present for it to catalyti- 
cally convert, is highly sought after. Present 
examples are a dynamic sensor-regulator sys- 
tem developed to regulate expression of 
enzymes related to FAEE production based 
on the presence of the substrate acyl-CoA 
[107], and the use of a malonyl-CoA sensor to 
optimize fatty acid production [111]. A sensor 
activated by fatty acid species could in a 
similar fashion be applied for the alkane bio- 
synthetic pathway. 

If alkane titres can be improved, another 
issue will inevitably rise — product toxicity. 
Alkanes are toxic to many microorganisms, 
and due to their hydrophobic nature, they 
are likely to cause problems with the mem- 
brane integrity of the cells producing them. To 
find a solution, the toxicity problem can be 
tackled by different means. By analysing 
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transcriptional data of cells exposed to the 
stressor [112,113] or performing adaptive labo- 
ratory evolution in increasing concentration of 
stressor [114,115], changes in transcriptome 
and genome, respectively, can be detected that 
potentially could be beneficial for the cell 
when exposed to the stressor. A more direct 
approach is to take advantage of the fact that 
cells tend to expel unwanted metabolites from 
the cell by so-called efflux pumps, and try to 
identify pumps specific to the product of inter- 
est [116]. For example, Chen et al. expressed 
ABC-transporters from Y. lipolytica in S. cerevi- 
siae, resulting in increased tolerance (about 80- 
fold) to exogenously added alkanes mediated 
by an ability to keep intracellular alkane levels 
low [117]. A transcriptional data analysis study 
of S. cerevisiae exposed to medium-chain 
alkanes enabled identification of two endoge- 
nous efflux pumps, Snq2 and Pdr5, that were 
shown to reduce intracellular levels of alkanes 
and increase tolerance [113]. Transporter engi- 
neering in cells can also increase product for- 
mation, as a concentration gradient is formed 
as the products exit the cells, and potential 
substrate inhibition can be reduced. An 
exported product is also beneficial for product 
recovery at the commercial scale. 


7.3 ISOPRENOIDS AS AVIATION 
FUELS 


Besides fatty acid-derived alka(e)nes, iso- 
prenoids constitute the second class of com- 
pounds derived from cellular metabolism 
with promising prospects as biofuels. With 
more than 40,000 identified structures, iso- 
prenoids represent the largest group of 
chemical products. They occur universally in 
all classes of organisms, where they fulfil 
essential functions as, for example, mem- 
brane components, vitamins, hormones, pig- 
ments, membrane anchors, and electron 
transport molecules [118]. The major group 
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of isoprenoids, however, function as nones- 
sential secondary metabolites, especially in 
plants, where they serve, for example, as 
insect attractants or defense molecules against 
herbivores or pathogens [119]. Due to their 
versatile function, many of these secondary 
metabolites have gained industrial interest as 
fragrances, flavours, pesticides, or pharma- 
ceuticals [15,119,120]. 

All isoprenoids are derived from the Cs iso- 
prene unit, and more precisely, from its two 
isomeric activated forms, isopentenyl diphos- 
phate (IPP) and dimethylallyl diphosphate 
(DMAPP). Depending on the number of incor- 
porated isoprene units, they are classified as 
hemiterpenes (C;), monoterpenes (C10), sesqui- 
terpenes (C15), diterpenes (C20), etc. Mono- and 
sesquiterpene hydrocarbons have been pro- 
posed as alternative aviation fuels or fuel addi- 
tives because they have properties (carbon 
chain length, density, freezing point, and heat 
of combustion) similar to conventional, 
petroleum-derived jet fuel [15,121]. Examples 
include the monoterpenes pinene, sabinene, 
limonene, phellandrene, and terpinene, as well 
as the sesquiterpenes farnesene, bisabolene, 
and valencene (Fig. 7.6). 

A major disadvantage of these molecules is, 
however, that they are unsaturated and there- 
fore contain highly reactive C=C _ bonds. 
Reduction of these bonds can be achieved by 
hydrogenation in the presence of a catalyst, as 
has been demonstrated for limonene and myr- 
cene, for example, [122]. Another method of 
chemical modification is the dimerization of 
cyclic monoterpenes, which can increase the 
density and heat of combustion to values simi- 
lar to high-density tactical fuels [123]. 
Production of naturally occurring mono- [124] 
and sesquiterpenes by engineered micro- 
organisms can therefore be combined with 
further chemical conversions to produce 
suitable aviation fuels with desired properties. 

This chapter covers the two major biosyn- 
thetic pathways for isoprenoid biosynthesis, 
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FIGURE 7.6 Examples of monoterpene and sesquiterpene hydrocarbons. 


describes general engineering strategies to 
increase isoprenoid formation in different host 
organisms (mainly S. cerevisiae and E. coli), and 
then gives specific examples on the production 
of mono- and sesquiterpene hydrocarbons 
suitable as aviation fuel precursors. 


7.3.1 Biosynthesis 


The isoprenoid precursors IPP and DMAPP 
are produced via two different biosynthetic 
pathways: (1) the mevalonate (MVA) pathway 
in eukaryotes, in archaea [125], and in some 
eubacteria [124]; and (2) the nonmevalonate 
route, also called the methylerythritol (MEP) 
or deoxyxylulose phosphate (DXP) pathway, 
found in most eubacteria [126], plastids of 
plants [127], and in apicomplexa [128]. 

The MVA pathway uses acetyl-CoA as 
precursor (Fig. 7.7) [129]. Three molecules of 
acetyl-CoA are combined in two consecutive 
condensation reactions to form one molecule 
of 3-hydroxy-3-methylglutarylCoA (HMG- 
CoA). The first condensation is catalysed by 
acetyl-CoA acetyltransferase (ACAT), while 
the second one is catalysed by HMG-CoA 
synthase (HMGS). In a two-step reduction, 
which is considered the rate-limiting reaction 
of the pathway, HMG-CoA is converted to 


mevalonate by HMG-CoA reductase (HMGR) 
consuming two NADPH for each mevalonate 
formed. S. cerevisiae contains two HMGR 
isoenzymes, Hmg1 and Hmg2 [130], which 
are differentially regulated [131,132] and inte- 
erated into the membrane of the endoplasmic 
reticulum via an N-terminal noncatalytic 
domain involved in regulating protein degra- 
dation [133]. Mevalonate is phosphorylated 
to mevalonate 5-diphosphate by mevalonate 
kinase (MK) and phosphomevalonate kinase 
(PMK). Finally, decarboxylation of mevalo- 
nate 5-diphosphate, catalysed by mevalonate 
diphosphate decarboxylase (MDD), leads to 
formation of IPP. In some archaea, conver- 
sion of mevalonate to IPP follows an alter- 
native route via isopentenyl phosphate 
[125,134]. IPP can be converted into its 
isomer, DMAPP, and vice versa by IPP 
isomerase (IDI). 

In contrast to the MVA pathway, the MEP 
pathway proceeds from glyceraldehyde 3- 
phosphate and pyruvate as direct precursors 
(Fig. 7.7) [135,136]. Both molecules are con- 
densed to DXP by DXP synthase (DXS) under 
release of CO». DXP reductoisomerase (DXR) 
then converts DXP into MEP, a branched 
aldose. Coupling of MEP to cytidyl mono- 
phosphate (CMP) catalysed by MEP 
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FIGURE 7.7 Biosynthesis of mono- and ses- 
quiterpenes via the MVA and MEP pathway. 
Metabolites: HMG-CoA, 3-hydroxy-3-methylglu- 
taryl-CoA; DXP, 1-deoxy-D-xylulose 5-phosphate; 
MEP, 2-C-methyl-p-erythritol 4-phosphate; CDP- 
ME, 4-diphosphocytidyl-2-C-methyl-p-erythritol; 
CDP-MEP, 4-diphosphocytidyl-2-C-methyl-p- 
erythritol 2-phosphate; MEcPP, 2-C-methyl- 
p-erythritol 2,4-cyclodiphosphate; HMBPP, (E)-4- 
hydroxy-3-methyl-but-2-enyl diphosphate; IPP, 
isopentenyl diphosphate; DMAPP, dimethylallyl 
diphosphate; GPP, geranyl diphosphate; FPP, far- 
nesyl diphosphate. Enzymes: ACAT, acetyl-CoA 
C-acetyltransferase; HMGS, 3-hydroxy-3-methyl- 
glutaryl-CoA synthase; HMGR, 3-hydroxy-3- 
methylglutaryl-CoA reductase; MK, mevalonate 
kinase; PMK, phosphomevalonate kinase; MDD, 
mevalonate diphosphate decarboxylase; DXS, 
DXP synthase; DXR, DXP reductoisomerase; 
MEPCT, MEP cytidylyltransferase; CMK, CDP- 
ME kinase; MCS, MEcPP synthase; HDS, HMBPP 
synthase; HDR, HMBPP reductase; IDI, isopente- 
nyl diphosphate isomerase; GPPS, GPP synthase; 
FPPS, FPP synthase. 
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cytidyltransferase (MEPCT) and subsequent 
phosphorylation of the resulting intermediate 
4-diphosphocytidyl-2C-methyl-p-erythritol 
(CDP-ME) catalysed by CDP-ME kinase 
(CMK) leads to formation of CDP-ME 2-phos- 
phate (CDP-MEP). In an intramolecular 
transphosphorylation, 2C-methyl-p-erythritol 
2,4-cyclodiphosphate (MEcPP) is formed under 
release of CMP. The last two enzymes of the 
pathway — 1-hydroxy-2-methyl-2-(E)-butenyl- 
4-diphosphate (HMBPP) synthase (HMS) and 
HMBPP reductase (HMR) — both contain an 
iron-sulphur cluster and are highly sensitive to 
oxygen [137,138]. HMR produces a mixture of 
both IPP and DMAPP at a ratio of about 5:1 in 
E. coli [139]. In addition, most organisms that 
use the MEP pathway for IPP and DMAPP 
synthesis also possess an IDI to balance the 
ratio between the two metabolites [140]. 

When comparing the overall stoichiometry 
of both pathways for IPP production from 
glucose, the MVA pathway consumes 1.5 mol 
of glucose and 3mol of ATP per mol IPP, 
while 1 mol of glucose and 2 mol of ATP are 
required for production of 1 mol of IPP via 
the MEP pathway [141,142]. This renders the 
MEP pathway superior in terms of maximum 
isoprenoid yields that can theoretically be 
achieved. 

After synthesis of IPP and DMAPP, prenyl- 
transferases catalyse the successive head-to-tail 
condensation of IPP to an allylic diphosphate 
(DMAPP in the first cycle) to produce the 
direct precursors of monoterpenes (geranyl 
diphosphate, GPP), sesquiterpenes (farnesyl 
diphosphate, FPP), and longer-chain isopre- 
noids (Fig. 7.7) [143]. 


7.3.2 Metabolic Engineering to Increase 
Isoprenoid Production in Microbial Hosts 


Numerous studies have investigated possi- 
bilities to produce and enhance the 


production of various mono- and _ sesquiter- 
penes in S. cerevisiae, E. coli, and other micro- 
bial hosts. Although not all of these strategies 
were specifically applied to potential aviation 
fuel precursors, they can still easily be 
adapted for this purpose and will also be 
discussed here. 


7.3.2.1 Saccharomyces cerevisiae 


As S. cerevisiae contains the MVA pathway 
starting from acetyl-CoA for isoprenoid pro- 
duction, approaches similar to the ones 
described above for increasing the production 
of fatty acid-derived products have also been 
employed to increase isoprenoid synthesis in 
yeast. Engineering of the PDH bypass by 
expression of a deregulated acetyl-CoA synthe- 
tase from S. enterica and overexpression of 
aldehyde dehydrogenase Ald6 — either alone 
or in combination with overexpression of alco- 
hol dehydrogenase Adh2 and ACAT (Erg10) — 
increased sesquiterpene production by up to 
75% [24,144]. Additional inhibition of acetyl- 
CoA consumption in the glyoxylate cycle was 
able to further double sesquiterpene produc- 
tion [144]. Further strategies to increase the 
cytosolic acetyl-CoA supply in yeast are men- 
tioned in section 7.2.2.1. 

Engineering of the MVA pathway in yeast 
has mainly focused on modulation of key 
enzymatic reactions, one of them being HMGR 
(see above). The most common strategy is the 
overexpression of a truncated version of 
Hmg — that is, a version only consisting of the 
C-terminal catalytic domain and devoid of the 
N-terminal membrane anchor [145—147]. 
However, overexpression of full-length Hmg1 
[148], a stabilized variant of Hmg2, Hmg2 
(K6R) [149,150], or expression of a heterolo- 
gous HMGR from Staphylococcus aureus [151], 
were also proven to be successful in increasing 
isoprenoid production. Moreover, additional 
genetic perturbations stabilizing HMGR pro- 
tein levels and thus leading to improved 
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sesquiterpene production in yeast were identi- 
fied [152]. 

Also, balancing the ratio between IPP and 
DMAPP appears to be a crucial factor for iso- 
prenoid biosynthesis. Overexpression of IDI 
alone in yeast was able to boost monoterpene 
production by up to fivefold [150,153]. 

When producing either mono- or sesquiter- 
penes, it is important to consider that a single 
enzyme, FPP synthase Erg20, is responsible in 
yeast for the two enzymatic steps leading to 
production of both GPP, the precursor of 
monoterpenes, and FPP, the sesquiterpene pre- 
cursor. The wild-type enzyme, however, 
releases only small amounts of the intermedi- 
ate GPP [154,155]. Overexpression of Erg20 has 
therefore mainly been used to increase the pro- 
duction of sesquiterpenes [145,150,156]. To 
enhance the formation of monoterpenes, on 
the other hand, mutant variants of the enzyme, 
such as Erg20(K197E) or Erg20(F96W-N127W), 
that favour GPP over FPP production, were 
employed [153,155,157—159]. Alternatively, 
specific heterologous GPP synthases derived 
from plants, for instance, can be used [160]. 
Instead of concentrating on selected enzymatic 
reactions of the MVA pathway, other studies 
took a more global approach, such as expres- 
sion of a mutated version of a transcription 
factor (Upc2-1) that led to enhanced transcrip- 
tion of several sterol pathway genes — but 
alone only had a minor effect on sesquiterpene 
production [145,156,161] — or by simply over- 
expressing all genes of the MVA pathway, 
which led to a significant increase in sesquiter- 
pene formation [162]. 

Apart from increasing the flux through the 
MVA pathway towards FPP or GPP, it is also 
crucial to limit the consumption of FPP by 
other metabolic pathways. Most of these path- 
ways, such as the formation of ergosterol or 
dolichols, are, however, essential, and can 
therefore not be entirely disrupted. Since the 
majority of FPP is converted to squalene by 
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squalene synthase (Erg9), and then further to 
ergosterol, transcription of the ERG9 gene has 
been modulated in order to reduce the flux 
towards ergosterol and increase the availability 
of FPP for sesquiterpene production. In several 
cases, the ERG9 promoter was exchanged with 
the MET3 promoter that is repressed by methi- 
onine [163,164]. This, however, requires the 
constant addition of methionine to the medium 
because methionine is metabolized by the cells. 
Other studies therefore used the copper- 
repressible CTR3 promoter [165], or a more 
dynamic approach where ERG9 was controlled 
either by the glucose-regulated HXT1 pro- 
moter, which repressed ergosterol formation 
when glucose was consumed after the expo- 
nential growth phase [166], or by promoters 
repressed by ergosterol itself as feedback inhi- 
bition [167]. 

Another sink for FPP is its dephosphoryla- 
tion to farnesol. It is believed that two lipid 
phosphatases, Lpp1 and Dpp1, are involved in 
this process [168]. In one study, deletion of 
DPP1 in an [pp1A background strain was able 
to both reduce farnesol levels and increase 
sesquiterpene production [166], whereas other 
studies saw no, or even a negative, effect of 
deletion of DPP1 either alone or in combination 
with LPP1 on sesquiterpene titres [155,169,170]. 

While FPP represents the major branch point 
in the isoprenoid biosynthesis, DMAPP is also 
consumed by other metabolic pathways, namely 
the prenylation of tRNA. Liu and co-workers 
therefore overexpressed MAF1 encoding a nega- 
tive regulator of RNA polymerase HI, which 
doubled monoterpene production [153]. 

Deletion or down-regulation of competing 
pathways represents one way of reducing the 
drain of precursors or intermediates. Another 
possibility is spatial control, for example, by 
exploiting compartmentalization of a eukary- 
otic cell. Targeting of sesquiterpene synthases 
to the mitochondria drastically increased prod- 
uct formation, which was further enhanced by 
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targeting a heterologous FPP synthase to the 
same compartment [170]. However, it remains 
speculative whether shielding from compet- 
ing reactions or other possible explanations 
such as a more favourable environment for 
enzyme activity are the actual cause for the 
observed effect. 

A more direct method of metabolite 
channeling by spatial control is the fusion of 
consecutive pathway enzymes. Fusion of 
Erg20 to a sesquiterpene synthase as well as 
fusion of a GPP producing Erg20 mutant to a 
monoterpene synthase both successfully 
increased product formation [155,171]. It 
should be noted, however, that orientation of 
the enzymes within the fusion construct and 
the choice of a potential linker peptide may be 
of importance. 

With regard to the fact that the MEP path- 
way would be the more efficient isoprenoid 
pathway in terms of carbon preservation and 
energy consumption, it was also attempted to 
heterologously express this pathway in yeast, 
albeit without success [142,172]. It was 
assumed that this was due to the nonfunction- 
ality of the two iron-sulphur cluster-containing 
pathway enzymes in the yeast cytosol. 


7.3.2.2 Escherichia coli 


Similar to increasing the flux through 
the MVA pathway in yeast, engineering of 
the MEP pathway in E. coli mainly focuses 
on overexpression of several key enzymes, 
usually in combination. One crucial factor 
seems to be the early pathway steps because 
overexpression of DXS and/or DXR often 
resulted in increased isoprenoid levels (eg, 
[173—175|). However, in some cases this 
strategy even had a negative effect on terpe- 
noid production, which suggests that careful 
fine-tuning of the expression levels and 
the genetic context are important [176—178]. 
Similarly, the effect of overexpressing other 
pathway genes, such as ispG and ispH encod- 
ing HMS and HMR, respectively, on 


isoprenoid synthesis is dependent on the 
background strain [179—181]. 

As in S. cerevisiae, overexpression of IDI to 
balance the ratio between the two precursor 
isomers is a useful tool to increase isoprenoid 
accumulation [174,176,182,183]. Also like in 
yeast, overexpression of FPP synthase (IspA) 
was used to increase the production of sesqui- 
terpenes and longer terpenes [176,182,184], 
while either mutated versions of IspA or 
heterologous GPP synthases were employed 
to establish production of monoterpenes 
[185—188]. 

While heterologous expression of the MEP 
pathway in yeast seems to be challenging (see 
above), a functional MVA pathway has been 
successfully established in E. coli, and often, its 
introduction had a greater effect than engi- 
neering the endogenous pathway, despite its 
theoretically lower yields [178,189—191]. This 
may be due to the fact that enzymes of the 
MEP pathway are subject to feedback regula- 
tion [192] and expression of a heterologous 
pathway can therefore benefit from circum- 
venting regulatory mechanisms. However, 
accumulation of certain MVA pathway inter- 
mediates such as HMG-CoA and prenyl 
diphosphates (IPP, DMAPP, FPP) seems to be 
toxic to E. coli and efficient downstream 
enzymes and careful pathway balancing are 
necessary to avoid growth retardation of the 
engineered strains [189]. Pathway balancing 
was performed by adding additional gene cop- 
ies of postulated rate-limiting enzymes 
[178,193,194], recruitment of enzymes from 
other sources for improved activity, reduced 
feedback inhibition or co-factor preference 
[195—197], or by modulating the strength of 
ribosome binding sites determining translation 
efficiency of the different pathway genes [198]. 
A fourth approach to increase the flux through 
the MVA pathway in E. coli was the assembly 
of pathway enzymes to a protein scaffold 
using protein—protein interaction domains, a 
concept similar to enzyme fusion described 
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above [199]. However, in this case the scaffold 
allows for modulating the amount of each 
enzyme per complex, thus compensating for 
different enzyme activities. 


7.3.2.3 Other Organisms 


Besides S. cerevisiae and E. coli, other micro- 
organisms have also been engineered for 
increased production of isoprenoid precursors, 
for example, overexpression of endogenous 
MEP pathway genes or establishment of the 
heterologous MVA pathway in cyanobacteria 
[200—202]. Another photosynthetic bacterium 
that has been engineered through introduc- 
tion of a heterologous MVA pathway, in this 
case encoded by an operon derived from 
Paracoccus zeaxanthinifaciens, is Rhodobacter 
sphaeroides, which increased sesquiterpene 
formation sixfold [203]. Nonphotosynthetic 
bacteria, in which either endogenous or 
heterologous isoprenoid pathways have 
been improved, comprise, among others, 
Lactococcus lactis [204], Corynebacterium gluta- 
micum [205,206], Streptomyces venezuelae [207], 
Pseudomonas putida [208], and B. subtilis 
[209]. With regard to eukaryotic microorgan- 
isms, the endogenous MVA pathway was 
modulated in several non-Saccharomyces spe- 
cies, including Y. lipolytica and Pichia pas- 
toris, which in most cases focused mainly on 
overexpression of either full-length or trun- 
cated HMGR [210—213]. 


7.3.3 Production of Monoterpene 
Hydrocarbons 


7.3.3.1 Pinene 


Pinene, which occurs as an œo- and 
B-isomer, is a bicyclic monoterpene produced 
by pine trees and other plants. Pinene synthe- 
sis from GPP in a heterologous organism is 
established by expression of a single enzyme, 
pinene synthase. Yang et al. [214] expressed 
a Pinus taeda a-pinene synthase in E. coli 
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combined with either overexpression of the 
endogenous FPP/GPP synthase or expres- 
sion of a GPP synthase derived from Abies 
grandis, whereupon the latter drastically 
improved pinene production. a-Pinene titres 
were further enhanced by expression of a 
hybrid MVA pathway based on genes from 
Enterococcus faecalis and S. cerevisiae, res- 
pectively, and reached up to 5.4mg/L in 
shake flask cultivations and 970 mg/L in a 
fed-batch fermentation. 

To establish a more sustainable process for 
the production of biofuels, it is important to 
develop strains that are able to grow on 
more complex carbon sources such as cellu- 
losic biomass. Bokinsky et al. [215] therefore 
engineered two E. coli strains with the ability 
to grow on cellulose and xylan, respectively. 
As described above, a heterologous MVA 
pathway — in this case entirely from S. cerevi- 
siae — GPP synthase from A. grandis, and 
pinene synthase from P. taeda were employed 
to confer pinene synthesis in both strains. 
Since the two plant enzymes are normally 
targeted to the chloroplast, their targeting 
signals were removed and the genes codon 
optimized for E. coli. A co-culture of both 
strains was able to produce 1.7mg/L of 
pinene from switchgrass pre-treated with 
ionic liquids. While Yang et al. [214] mea- 
sured pinene in the gaseous phase of the 
fermentation vessel, Bokinsky et al. [215] 
used an organic solvent, dodecane, to capture 
pinene in the liquid phase. 

Efficient secretion of the produced biofuel 
precursor is important for two reasons. On the 
one hand, it facilitates product recovery, and 
on the other hand it may alleviate the toxic 
effect that many terpenes, especially monoter- 
penes, have on the producing microbes. To 
address this issue, a gene encoding an inner 
membrane transporter of E. coli was randomly 
mutagenized and strains expressing this gene 
library selected for improved tolerance 
towards (ie, presumably improved secretion 
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of) n-octane or 1-octanol [216]. Remarkably, 
the mutated transporter not only improved the 
export of n-octane, but also of a-pinene, up to 
fourfold. 

Because apart from pinene the precursor 
GPP may also be toxic to E. coli, Sarria et al. 
[186] tested combinations of three different 
GPP synthases with three different pinene 
synthases as well as fused versions of both 
enzymes in an MVA _pathway-expressing 
strain yielding up to 32 mg/L of pinene. They 
also showed that the enzyme combination 
influenced the ratio between a- and B-pinene 
produced. The best strain derived from this 
study expressing a fusion protein of GPP 
synthase and a-/$-pinene synthase (both 
from A. grandis) was also used to produce 
pinene from macroalgal hydrolysate at up to 
21 mg/L [217]. 

As an alternative to E. coli as a host, pinene 
production was also established in 
Corynebacterium glutamicum using two different 
GPP synthases and two pinene synthases in 
connection with overexpression of DXS and 
IDI of the endogenous MEP pathway, resulting 
in up to 176 ug/L of pinene [205]. 


7.3.3.2 Limonene 


The monocyclic hydrocarbon limonene 
was first produced in E. coli as an intermedi- 
ate of the pathway leading to carvone synthe- 
sis [218]. Expression of the homodimeric GPP 
synthase of A. grandis together with limonene 
synthase from Mentha spicata omitting their 
targeting peptides led to a final limonene 
titre of 5mg/L. Expression of IDI from 
Mentha x piperita only slightly increased 
limonene formation. Expression of both genes 
in a strain containing the yeast MVA path- 
way together with optimization of certain 
steps such as replacement of HMGS and 
HMGR with the respective enzymes from 
Staphylococcus aureus and optimization of 
gene expression levels drastically enhanced 
limonene production to 435mg/L [219]. 


Optimization of a two-phase fed-batch fer- 
mentation process using a similar MVA 
pathway-containing strain allowed accu- 
mulation of up to 2.7g/L of limonene (in 
the organic phase) from glycerol with a pro- 
ductivity of 22.6 mg/L per h [187]. 

In an experimental setup similar to the one 
described above for transporter optimization, a 
library of E. coli strains expressing 43 different 
efflux pumps was used to select for enrich- 
ments under cultivation in the presence of lim- 
onene and other terpenes [116]. A pump 
conferring higher resistance to limonene 
derived from Alcanivorax borkumensis also 
increased limonene formation in a producer 
strain by about 50%. 

To enable the production of limonene 
directly from CQO,, limonene synthases from 
different sources were introduced into cyano- 
bacterial species, including the two unicellular 
model organisms Synechococcus sp. [220] and 
Synechocystis sp. [202], and the filamentous 
N>-fixing Anabaena sp. [221]. The produced 
limonene was either collected in a dodecane 
overlay [220] or captured from the gas phase. 
While (over)expression of endogenous or 
heterologous DXS, IDI, and GPP synthase to 
improve precursor supply by the endogenous 
MEP pathway had a positive effect on limo- 
nene formation [150,202], inhibiting formation 
of the storage carbohydrate and by-product 
glycogen did not [220]. In all cases, produc- 
tion levels have remained rather low, in the 
ug/L range. 

The same is true for limonene production in 
S. cerevisiae so far [159]. In one study, a 
(+)-limonene synthase from Citrus limon and 
a (—)-limonene synthase from Perilla frutescens 
were expressed in a yeast strain expressing 
Erg20 (K197G) (see above) both as full-length 
versions and without their respective plastid- 
targeting signal, where the truncated versions 
of the enzymes proved to be superior. When 
comparing different methods for product 
recovery, using a dodecane overlay or 
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continuous headspace trapping were most effi- 
cient. While many of the above-mentioned 
engineering strategies will be useful in further 
increasing limonene production in yeast, the 
screening of yeast strain libraries producing 
limonene and other monoterpenes may also be 
supported by a recently developed colouri- 
metric assay based on 2,2-diphenyl-1-picrylhy- 
drazyl [222]. 

Apart from low production levels, mono- 
terpene toxicity is a major issue in yeast. 
Among five different monoterpenes tested, 
limonene had the strongest inhibitory effect 
on the yeast growth rate [223] and mainly 
seems to affect its cell wall [224]. While the 
use of organic solvents in two-phase fer- 
mentation set-ups was able to reduce limo- 
nene toxicity [223], the overexpression of 
endogenous ATP-binding cassette transpor- 
ters had no effect [225]. Analysis of strains 
evolved for increased limonene tolerance 
revealed that a single frame shift mutation in 
TCB3 encoding a protein of the ER could con- 
fer monoterpene tolerance, potentially by 
affecting cell wall integrity [226]. 


7.3.3.3 Sabinene, Phellandrene, and 
Myrcene 


The bicyclic sabinene was produced in both 
E. coli [185] and S. cerevisiae [155] employing a 
sabinene synthase from Salvia pomifera. In 
E. coli, expression of the terpene synthase was 
combined with expression of the A. grandis 
GPP synthase and the hybrid Enterococcus fae- 
calis/S. cerevisiae MVA pathway similar to the 
strategy described for pinene above [214]. 
Optimization of the fermentation medium and 
gene induction levels finally resulted in pro- 
duction of 2.65 g/L of sabinene from glycerol 
in a fed-batch approach. The study in S. cerevi- 
siae mainly concentrated on engineering Erg20 
to reduce FPP formation and increase GPP for- 
mation. The resulting dominant negative 
mutant enzyme Erg20(F96W-N127W) was then 
fused to sabinene synthase and expressed in a 
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diploid background strain overexpressing 
Hmg2(K6R) and carrying heterozygous dele- 
tions in ERG20 and ERG9 to further reduce 
FPP formation as well as FPP flux towards 
ergosterol, leading to production of 17.5 mg/L 
of sabinene. 

Proof-of-principle studies also showed the 
production of monocyclic phellandrene using 
a terpene synthase from Lavandula angustifolia 
[227] and acyclic myrcene using myrcene 
synthase from Quercus ilex [228] in E. coli. As 
in the examples mentioned above, engineer- 
ing strategies included the expression of a 
truncated plant GPP synthase, the mevalonate 
pathway, and balancing of gene expression 
levels. In addition, phellandrene was also 
produced in Synechocystis sp. for evaluating 
different transcriptional and translational reg- 
ulatory elements for optimal expression of the 
terpene synthase gene after chromosomal 
integration [229]. 


7.3.4 Production of Sesquiterpene 
Hydrocarbons 


7.3.4.1 Valencene 


Like many other mono- and sesquiterpene 
hydrocarbons, the bicyclic valencene does not 
only attract interest as a potential fuel, but 
also as an aroma compound. While valencene 
represents an aroma substance itself, it also 
serves as a precursor for the high-value 
nootkatone. Valencene, among other sesqui- 
terpenes, was first produced in yeast to study 
the influence of regulating ERG9 expression 
with the repressible MET3 promoter [163]. 
Here, a valencene synthase gene from Citrus 
x paradisi was expressed under control of 
the inducible GAL1 promoter leading pro- 
duction of up to 3mg/L. Farhi et al. [170] 
targeted valencene synthesis to the mitochon- 
dria with the rational that FPP-consuming 
enzymes are located in both the cytosol and 
mitochondria — that is, a precursor pool 
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should be present in different compartments. 
Their best producer strain was based on an 
industrial yeast strain expressing both a cyto- 
solic and a mitochondrial version of valen- 
cene synthase from Citrus x sinensis, a 
heterologous FPP synthase from Arabidopsis 
also targeted to the mitochondria and cyto- 
solic tHmg1 yielding 1.5 mg/L, which repre- 
sents a sevenfold improvement over the 
strain only expressing the terpene synthase 
in the cytosol. 

Because the low valencene titres obtained in 
this study — also in comparison with other ses- 
quiterpenes — indicated low activity of the 
synthases, Beekwilder et al. [203] isolated and 
characterized valencene synthase from 
Callitropsis nootkatensis, which had kinetic 
properties similar to the one from Citrus x 
paradisi, but showed a better performance 
when expressed in a nonoptimized yeast strain 
or in Rhodobacter sphaeroides. When combined 
with expression of the MVA pathway operon 
from Paracoccus zeaxanthinifaciens, valencene 
production increased to 350 mg/L. 

In addition, two other microbial hosts were 
engineered for production of valencene using 
the Callitropsis nootkatensis enzyme: a 
Corynebacterium glutamicum strain deleted in 
two prenyltransferase genes and expressing 
FPP synthase from either E. coli or S. cerevisiae 
[206] and, rather unusually, the basidiomycete 
Schizophyllum commune [230]. Maximum titres 
were 2.4 and 16me/L, respectively. In all 
studies, dodecane was used to capture valen- 
cene in situ. 


7.3.4.2 Bisabolene 


The activity of the terpene synthase often 
represents a limiting factor in isoprenoid pro- 
duction. To establish bisabolene production in 
E. coli and in S. cerevisiae, Peralta-Yahya et al. 
[231] screened bisabolene synthases from 
five different sources: two angiosperm and 
three gymnosperm synthases differing in 
their domain structure. Most of them were 


codon-optimized for E. coli. In both heterolo- 
gous hosts, the codon-optimized version of 
E-a-bisabolene synthase from A. grandis 
(AgBIS) exhibited by far the highest activity. 
Production levels in E. coli carrying an 
optimized MVA pathway reached up to 
912 mg/L, whereas a S. cerevisiae strain, in 
which tHMGR, Erg20 and Upc2-1 were over- 
expressed and ERG9I was down-regulated, 
produced 994 mg/L of bisabolene. Later, the 
protein structure of AgBIS was determined 
and a catalytic mechanism for bisabolene syn- 
thesis was proposed, which opens up oppor- 
tunities for protein engineering approaches 
[232]. The fusion of AgBIS to Erg20 increased 
both enzyme expression levels and bisabolene 
production in yeast [233]. 

To identify nonobvious targets for increas- 
ing bisabolene production, the authors also 
screened a yeast deletion library expressing a 
carotenoid biosynthetic pathway for enhanced 
colour formation. Gene deletions that were 
able to increase both carotenoid and bisabolene 
formation were identified. A strain carrying, 
among other modifications, deletions in two 
genes of unknown function was tested in a 
fed-batch cultivation leading to a production 
of 5.2 g/L of bisabolene. 

Instead of a screening system, Kirby et al. 
[234] developed a method that allows for selec- 
tion of strains with enhanced production of 
bisabolene (and potentially also other ter- 
penes). This method is based on the fact that 
cells producing bisabolene are more resistant 
to nonionic surfactants than nonproducers, 
presumably due to changes in membrane flu- 
idity. This principle was on the one hand used 
to identify AgBIS gene variants leading to 
higher bisabolene production, and on the other 
hand to increase production stability in long- 
term cultures. 

Apart from E. coli and Saccharomyces cerevi- 
siae, bisabolene production was also 
introduced in Synechococcus sp. [220] and 
Streptomyces venezuelae [207]. 
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7.3.4.3 Farnesene 


Both farnesene isomers (a- and (8-) occur in a 
wide range of plant and animal species. Both 
a- and §-farnesene synthases from different 
plant sources have been heterologously 
expressed in Anabaena sp. [235], E. coli [236], 
and S. cerevisiae [237]. While titres in Anabaena 
sp. remained in the pg/L range, engineering an 
E. coli strain through expression of a hybrid 
MVA pathway and a fusion enzyme of FPP 
synthase and Malus x domestica o-farnesene 
synthase led to production of up to 380 mg/L of 
a-farnesene when glycerol was fed as an addi- 
tional carbon source [238]. Zhu et al. [194] recon- 
structed the MVA pathway including farnesene 
synthesis in vitro in order to study its kinetics 
and derive engineering strategies from these 
results. By increasing expression of selected 
MVA pathway genes in E. coli, they were able to 
enhance the a-farnesene titre to 1.1 g/L. 

To date, 8-farnesene is by far the most 
advanced example of isoprenoid hydrocarbon 
production. It is produced on an industrial 
scale by a heavily engineered S. cerevisiae strain 
developed by Amyris. One of their intermedi- 
ate strains was described in a study where the 
CoA precursor pantothenate was used as a 
metabolic switch to limit farnesene production 
during the growth phase and thereby 
increased the genetic stability of the popula- 
tion [239]. This strain contained, among others, 
the following features: (1) expression of a 
mutated version of a (-farnesene synthase 
from Artemisia annua with improved catalytic 
efficiency, the gene being integrated in several 
copies into the genome; (2) overexpression of 
the entire endogenous MVA pathway using 
integration of one or two additional copies per 
gene as well as expression of an HMGS from 
Brassica juncea and an ACAT from C. acetobuty- 
licum; (3) down-regulation of ERG9 with help 
of the MET3 promoter; and (4) overexpression 
of the PDH bypass using a pyruvate decarbox- 
ylase from Zymomonas mobilis and endogenous 
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Ald6 and Acs2. Since many of these genes are 
regulated by the GAL promoters, galactose reg- 
ulation was modified in a way that enabled 
activity of these promoters in glucose medium. 

Crucial for the further improvement of far- 
nesene production strains, however, was the 
development of an automation platform for 
high-throughput strain construction and 
screening. This enabled the construction of 
the current production strain, which carries 
about 80,000 new bp and has 40,000 bp 
deleted (http: / /www.biofuelsdigest.com/ 
bdigest/2015/08/27 /amyris-and-the-velocity- 
of-renewables/). Production of farnesene 
from sugarcane is implemented at the Brotas 
plant in Sao Paulo, Brazil, which has a capac- 
ity of 50M L per year. The applicability of 
farnesene-derived fuels as a blending compo- 
nent in jet fuel has been demonstrated in 
several test flights. 


7.3.5 Conclusion and Perspectives 


The above examples have shown that 
although mono- and sesquiterpene yields and 
titres of primary engineered strains are usually 
quite low, it is possible to reach industrially 
relevant production levels. This, however, 
requires extensive strain engineering efforts, as 
seen in the farnesene example. One major limi- 
tation is limited availability of GPP and FPP in 
the microbial hosts. Current and future strate- 
gies to establish the production of novel com- 
pounds will therefore instead rely on platform 
strains already optimized, amongst other fea- 
tures, for the provision of sufficient terpene 
precursors using either endogenous, heterolo- 
gous, or hybrid pathways. 

Another challenge is the selection or engi- 
neering of efficient terpene synthases. Since 
terpenes are often only required at low 
amounts in their native hosts, the evolutionary 
pressure to select biosynthetic enzymes of high 
catalytic efficiency has been low — similar to 
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the enzymes of the alka(e)ne pathways dis- 
cussed above. Although increasing enzyme 
expression levels through enhancing the gene 
copy number, selection of efficient promoters 
and codon optimization may be beneficial, its 
effect is often limited [229]. As an initial step, 
it may therefore be useful to screen terpene 
synthases from different organisms since their 
activities can vary substantially in the heterolo- 
gous host [231]. Furthermore, the increasing 
availability of genome sequences will further 
enhance the search space for potential gene/ 
enzyme candidates. Rational engineering of 
terpene synthases for enhanced activity has 
proven to be difficult, and the screening of 
enzyme libraries through direct analysis of 
product formation by GC-MS is only feasible 
at low throughput. 

Therefore, indirect screening or selection 
methods for high-throughput analysis of 
large terpene synthase libraries generated by 
random mutagenesis have been developed. 
Selection methods can, for example, be based 
on the toxicity of GPP and FPP that can be 
relieved by efficient terpene synthases (US 
Patent 8236512 B1), or on the fact that cer- 
tain terpenes may reduce the toxic effect 
of nonionic surfactants [234]. Colour-based 
screening assays detected, for example, the 
formation of methanol as a reaction by- 
product when a synthetic substrate was used 
[240], or the reduction of colour formation 
when a competing carotenoid pathway was 
co-expressed with the terpene synthase 
library [241]. The implication of such assays 
is expected to facilitate the identification of 
improved enzymes in the future. 

Apart from low activity, many terpene 
synthases also show a lack of product speci- 
ficity. The latter is an even bigger enzyme 
engineering challenge than the former as no 
high-throughput screening assays are avail- 
able. On the other hand, since future biojet 
fuel blends are likely to consist of more than 
one compound, mixed product formation 


may not necessarily be a disadvantage. When 
screening a mutant library of a bisabolene 
synthase Kirby et al. [234] identified enzyme 
variants that were able to produce a mixture 
of both a-bisabolene and {-farnesene at 
different ratios. 

All in all, it has been shown that the 
microbial production of aviation fuels or their 
precursors at industrially relevant levels is 
possible. The future will show whether exten- 
sive efforts in high-throughput strain engi- 
neering can boost alka(e)ne production to 
levels similar to the ones obtained for farne- 
sene. So far, production of farnesene is based 
on sugarcane. The next challenge will there- 
fore be to turn first-generation jet fuel pro- 
duction into second-generation production 
based on lignocellulosic biomass — analogous 
to second-generation bioethanol plants — to 
achieve a truly sustainable process. 
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8.1 INTRODUCTION 


The production of sustainable liquid fuel 
from biomass is one of the major scientific 
challenges of the 21st century. While 
suitable alternative technologies to combustion 
engines are being developed and commercial- 
ized for road transport vehicles (electric cars 
and hydrogen fuel cells), the energy density 
required for aviation transport means a liquid 
fuel-powered internal combustion engine is the 
only viable technology for the foreseeable 
future. There are numerous technologies cur- 
rently being investigated to convert renewable 
biomass feedstocks into liquid mixtures 
suitable for aviation [1], however, the stringent 
international standards for jet fuel lead to a rela- 
tively narrow range of molecules [2,3]. The min- 
imum specific energy density of 42.80 MJ/kg 
limits the presence of oxygen in a suitable jet 
fuel, the maximum freezing point of —47°C 
eliminates long-chain linear alkanes (Ci9+) and 
further limits oxygen due to its contribution to 
intermolecular forces, and minimum flash point 
of 38°C excludes short-chain linear alkanes (up 
to Co) and other volatile hydrocarbons. While 
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these issues can be ameliorated by the blending 
of numerous components or the use of addi- 
tives, the only unimolecular species that are 
suitable for jet fuel applications are unsaturated, 
branched, or cyclic hydrocarbons in the C1o—C16 
region (eg, kerosene). 

A significant area of research that concen- 
trates on producing liquid fuels from biomass 
is thermochemical conversion — that is, the 
breaking down of the large biological poly- 
mers present in biomass via treatment with 
high pressures and temperatures. This is an 
attractive technology, as it has the potential to 
produce liquid fractions directly from biomass 
in high yields. The term given to the thermo- 
chemical treatment, as well as the product 
yields and distribution, depends on the operat- 
ing conditions (ie, temperature, pressure, resi- 
dence time, presence of water), and while 
these are numerous (each of which will be dis- 
cussed in later chapters), this section will con- 
centration on the subject of pyrolysis — that is, 
the thermal cracking of biomass in the absence 
of oxygen. It is similar to a method that has 
been used for hundreds of years to produce 
charcoal [4], but also produces gaseous and 
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8. PYROLYSIS OF BIOMASS FOR AVIATION FUEL 


TABLE 8.1 Summary of Different Pyrolysis Technologies, Outlining Operating Conditions and Approximate 


Product Yields 
Conversion Technology 


Slow pyrolysis 


Vapour residence time: 10—100 min 


Heating rate: 0.1—1°C/s 


Operating Conditions 


Temperature: 300—700°C 


Product Yields 
Bio-oil: ~ 30 wt.% 
Biochar: ~35 wt.% 


Gases: ~35 wt.% 


Feedstock size: 5—50 mm 


Fast pyrolysis 


Vapour residence time: 0.5—5 s 


Heating rate: 10—200°C/s 


Temperature: 400—800°C 


Bio-oil: ~50 wt.% 
Biochar: ~ 20 wt.% 


Gases: ~30 wt.% 


Feedstock size: <3 mm 


Flash pyrolysis 


Vapour residence time: <0.5 s 


Heating rate: >1000°C/s 


Temperature: 800—1000°C 


Bio-oil: ~ 75 wt.% 
Biochar: ~12 wt.% 


Gases: ~ 13 wt.% 


Feedstock size: <0.2 mm 


Adapted from Nanda, S., et al., Pathways of lignocellulosic biomass conversion to renewable fuels. Biomass Convers. Biorefin. 4 (2) (2014) 157—191. 


liquid fractions. Depending on the reaction 
conditions, the ratio of these fractions alters 
drastically (Table 8.1). Slower, low-temperature 
pyrolysis (400°C, >10min residence time) 
promotes a larger solid fraction — termed 
‘biochar’ — whereas faster, high-temperature 
pyrolysis (‘flash pyrolysis’) (800°C, <0.5 s) 
gives liquid fractions of up to 75% [5]. This 
chapter focuses mostly on the fast pyrolysis 
regime, which can produce liquid yields up to 
65%. Fast pyrolysis is generally the preferred 
method for a liquid product in part due to scal- 
ability of the method and economics of particle 
erinding. The liquid fraction is termed ‘bio-oil’ 
and, though not suitable as a fuel itself, can 
be upgraded and refined to high-quality fuels 
and chemicals. 


8.2 PYROLYSIS FEEDSTOCKS 


As well as the processing conditions, the 
resultant range of products will depend on the 
original biomass composition. The vast majority 


(approximately 90 wt.%) of dry biomass can 
generally be classified into three main groups — 
cellulose, hemicellulose, and lignin (collectively 
termed ‘lignocellulose’) — though the ratios 
between these three groups is highly dependent 
on the feedstock source (Table 8.2). Typically, 
biomass contains between 30—60% cellulose, 
20—40% hemicellulose, and 15—25% lignin. The 
remaining ca. 10 wt.% is comprised of inorganic 
minerals (ie, ash content) and organic extrac- 
tives such as lipids (which include terpenes, tri- 
elycerides, and steroids), simple sugars, and 
starches [6]. As lignocellulose is the cheapest 
and most abundant form of terrestrial biomass, 
the majority of pyrolysis literature is concerned 
with its conversion [7], and is the feedstock that 
will be considered and discussed in this chap- 
ter. However, other feedstock sources for pyrol- 
ysis have been studied, including triglycerides 
[8], algal biomass [9], and chitin/chitosan [10]. 
Cellulose and hemicellulose are both large 
polymers of sugar monomers (ie, polysacchar- 
ides) of differing structure. Cellulose is strictly 
a linear polymer of Ce D-glucose units linked 
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TABLE 8.2 Biopolymer, Elemental, and Physical Composition of Common Lignocellulosic Feedstocks for Pyrolysis Applications [13—21] 


Biomass 
Source 


Wood 

Pine sawdust 
Switch grass 

Wheat straw 
Wheat shell 


Sugarcane 
bagasse 


Miscanthus 
Corncob 
Pistachio shell 
Rice straw 
Rice husk 
Barley straw 


Oregenum 
stalk 


Cottonseed 


Tobacco 
residue 


Sweet sorghum 
bagasse 


Paper 


Industrial 
waste paper 


Biopolymer Composition (wt.%) 


Cellulose Hemicellulose Lignin 


35—50 
35 

30—50 
33—40 
10—15 
19—24 


24 
50.5 
60.6 
32.1 
36.8 
31—34 
33.8 


34.2 


85—99 
60—70 


20—30 
29 
10—40 
20—25 
30 
32—48 


44 
31 


24 
20.6 
24—29 
9.3 


44.3 


24.3 


0—15 
10—20 


25—30 
28 
5—20 
15—20 
4—8 
23=32 


17 

15 
12.8 
18 
14.9 
14—15 
10.9 


14.29 
9.2 


6.5 


5—10 


Carbon Hydrogen Oxygen Nitrogen Sulphur 


51.6 
51.6 
44.8 
48.5 
46.8 
49.6 


49.3 
50.0 


10.9 


42.5 


55.4 
92.7 


45.7 


Elemental Composition (wt.%) 


6.3 
5.2 
5.8 
5.5 
6.0 
6.0 


5.4 
6.1 


4.8 


6.0 


8.8 
6.2 


5.8 


41.5 
43.2 
49.1 
39 

43.8 
43.8 


44.7 
42.3 


53.8 


31.4 
40.1 


48.2 


0.1 


0.3 
0.3 
3.4 
0.5 


0.6 
1.6 


0.4 


0.7 


4.4 
Zul 


0.3 


1 


<0.1 


0.3 


Physical Composition (wt. %) 


Moisture 
Content 


20 
10.2 
13—15 
16 
18.8 


7.4 
7.4 


8—10 
30 
6.3 


4.6 
Tel 


4.2 


Ash 
0.4—1 
0.3 
4.5—5.8 
4 

5.4 

1.6 


1.5—4.5 
1.5 

1.3 

4.3 

13.6 


2:1 


3.3 
11.2 


3.9 


Volatile 
Matter 


82 


82.1 


66.8 
79.6 
76.9 
79 
62.4 
46 


79D 
67.7 


76.3 


Fixed 
Carbon 


17 


21 


16.3 


15.9 
11.6 
14.3 
10.7 
14.6 
18 


12.6 
13.4 


16.0 
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FIGURE 8.1 The structure of polysaccharides: (A) Cellulose; (B) Xylan (example of hemicellulose); (C) Glucomannan 


(example of hemicellulose). 


via glyosidic bonds (3 [1—4]) of a molecular 
weight of approximately 100,000 daltons, 
which provides structure via intermolecular 
H-bonds and van der Waals forces between 
the chains. Due to its strong structure it is 
insoluble in the majority of solvents. 
Hemicellulose, however, is a branched chain 
of an approximate molecular weight of 30,000 
daltons, and is comprised of many different 


sugar monomers, including pentoses (Cs, ie, 
xylose) and hexoses (Cg, ie, glucose), as well as 
sugar acids such as methylgluconorinic and 
galacturonic acids. As such, it has an amor- 
phous structure (Fig. 8.1) and, unlike cellulose, 
is soluble in dilute alkali solutions [11,12]. 
Lignin is a large aromatic polymer of an 
approximate molecular weight of 20,000 dal- 
tons that is varied in its molecular structure 
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FIGURE 8.2 Common linkages found in lignin structure, with typical composition found in hardwood [25]. 


and connectivity. Lignin provides structure to 
plants, and a physical barrier that protects deg- 
radation of the cellulosic material present in 
biomass. As such, it is a robust biopolymer that 
resists depolymerization and defunctionaliza- 
tion. Its variance of structure also leads to diffi- 
cult selective transformation. However, lignin 
primarily consists of interlinked p-hydroxyphe- 
nylpropane monomeric units, or ‘monolignols’. 
The three main monolignols are p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol, 
and the proportion of these monolignols 
changes depending on the source — for exam- 
ple, hardwoods contain a higher content of con- 
iferyl and sinapyl alcohol units and thus they 
have a higher methoxy content than grasses, 
which are almost completely comprised of con- 
iferyl alcohol units, or ‘G’-type lignin [22]. The 
linkages between monolignol units include 


C-C (8-5, 5-5, 8-1, 8-8) and C—O bonds (3-O-4, 
4-0-5, a-O-4) (Fig. 8.2), however, the dominant 
linkages are 8-O-4 aryl ethers (approximately 
46% in softwood and 60% in hardwood) [23], 
which are the most susceptible to cleavage. As 
well as these linkages, the alkyl chains between 
the aromatic rings also contain other oxygen- 
ated groups such as alcohols, carbonyls, and 
carboxylic acid moieties [24]. 


8.3 BIO-OIL COMPOSITION AND 
PROPERTIES 


The liquid fraction obtained from biomass 
fast pyrolysis is produced via short residence 
times at moderate temperatures (400—600°C). 
The resulting vapour from this reaction is rap- 
idly quenched and condensed to yield the 
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TABLE 8.3 Typical Properties and Composition of Pyrolysis Bio-oil and Crude Oil 


Property Bio-oil* Crude Oil 
Energy density (MJ/kg) 13—18 44 
Water (wt. %) 15—30 0.1 
pH 2.0—3.7 = 
Solids (wt. %) 0.01—1 1 
Density (kg/m) 1.1—1.3 0.86—0.94 
Kinematic viscosity at 50°C (mm?/s) 13—80 180 
Ash content (wt. %) 0.004—0.3 0.1 
Carbon (wt. %) 55—65 83—86 
Hydrogen (wt. %) 5—7 11—14 
Nitrogen (wt.%) <0.4 <1 
Elemental Composition Sulphur (wt. %) <0.05 <4 
Oxygen (wt.%) 28—40 <1 
Na + K (ppm) 5—500 = 
Ca (ppm) 4—600 — 
H/C 0.9—1.5 1.5—2.0 
C/O 2=3.3 — 


"Includes properties of approximately 150 different bio-oil samples generated from different pyrolysis systems and 


different feedstocks [7, 27, 30]. 


pyrolysis bio-oil. The composition of bio-oil is 
a complex mixture of over 400 identified spe- 
cies [26], 99.7% of which is composed of car- 
bon, hydrogen, and oxygen, and includes 
acids, alcohols, aldehydes, esters, ketones, 
sugars, phenols, guaiacols, syringols, furans, 
phenols, and extractible terpenes with multi- 
functional groups [27,28]. Pure hydrocarbons 
are rarely observed. The high proportion of 
oxygen present (28—40%) in the form of oxy- 
genated hydrocarbons and the presence of 
alkali components (eg, Na or K) leads to a vari- 
ety of undesirable properties. In comparison to 
crude oil (Table 8.3), bio-oil possesses a low 
energy density, is corrosive due to the pres- 
ence of organic acids, and is viscous due to the 
increased intermolecular forces. Bio-oil has 


also been shown to have poor stability, as the 
rapid quenching of the pyrolysis vapour pro- 
duces a liquid that is not in thermodynamic 
equilibrium. Studies have shown that bio-oil 
tends towards thermodynamic equilibrium 
(via degradation and repolymerization) in stor- 
age conditions, with increases in viscosity, 
molecular weight, and even complete phase 
separation observed after 6 months of ambient 
storage [29]. Bio-oil also contains a significant 
amount of water when compared to crude oil 
(15-30% compared to 0.1%), derived both 
from the dehydration reactions that occur dur- 
ing biomass pyrolysis (and subsequent stor- 
age), and from the original moisture present in 
the lignocellulosic feedstock. The presence of 
water in bio-oil, and the difficulty in removing 
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it, presents a number of problems, including: 
corrosiveness, cold filter plugging point (the 
temperature at which flow is impaired to the 
point where an engine is rendered inoperable), 
and catalyst deactivation. 

Bio-oil, therefore, cannot be used as a fuel 
directly, and the production of stable fuel-like 
molecules of desirable physical properties is 
imperative. While a number of physical meth- 
ods have been researched to improve the phys- 
ical properties and stability of bio-oil (ie, hot 
gas filtering, solvent addition, emulsification 
[31]), the reactive oxygenated groups present 
in bio-oil remain. The chemical upgrading of 
bio-oil via deoxygenation, therefore, is 
required, though unfortunately has proved to 
be challenging. While there is sparse literature 
in the specific area of pyrolysis for jet fuel pro- 
duction, the modern literature in this area 
focuses on the increased yield, control, and 
selectivity of conversion, the ultimate aim of 
which is the ability to produce specific fuel for- 
mulations [32]. The cost of upgrading, how- 
ever, must be taken into account. While the 
presence of oxygen leads to undesirable prop- 
erties, complete or near-complete removal of 
oxygen (<0.5%) would increase the cost of 
production above what is viable [33,34]. Less 
extreme hydrotreatment has been proposed (to 
approximately 7 wt.% oxygen), which could 
provide a feasible balance between the cost of 
production and desirable fuel properties [35]. 


8.4 FAST PYROLYSIS OF BIOMASS 


To produce fuel molecules via the upgrad- 
ing of pyrolysis bio-oil, one must first under- 
stand the fundamental chemistry of the 
reactions taking place during pyrolysis, and 
have knowledge of the final products. The 
decomposition of lignocellulose (and its three 
main components) via thermogravimetric 
analysis has been considered and studied, 
and it is generally accepted that the three 
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main components degrade separately, which 
reflects their relative stability. In a study by 
Yang et al. [36], hemicellulose and cellulose 
were found to decompose between 220°C and 
315°C and between 315°C and 400°C, respec- 
tively, while lignin did not exhibit a particular 
decomposition event. Rather, its decomposi- 
tion occurred over a wide temperature range 
(160—900°C), and generated significant solid 
residue. The high solid residue production by 
the degradation of lignin, however, is unsur- 
prising due to its high aromatic content. 
Under pyrolysis conditions, aromatic species 
will fuse and oligomerize, eventually adding 
to the ‘char’ yield. 


8.4.1 Mechanisms of Action 


During pyrolysis, a wide range of reactions 
occur [37]. The initial reactions (called primary 
reactions [38]), concern the initial breaking of 
the bonds within the biopolymers present in 
biomass and the subsequent stabilizing rear- 
rangements that take place. These include 
depolymerization, the cleavage of bonds 
between the monomer units of the biopoly- 
mers eventually leading to the formation of 
condensable oligomers; [39] fragmentation, 
where the covalent bonds present in the poly- 
mers (and in some cases the monomers) are 
broken to produce a range of condensable low- 
molecular-weight organic compounds and 
incondensable gas [40]; and char formation, 
caused by the formation and fusing of aro- 
matic rings to form graphitic species [41]. The 
following reactions (called secondary reactions 
[42]) are due to the unstable volatile species 
produced in the primary reactions, which 
include cracking, whereby the bonds of the 
volatile species are broken and produce low- 
molecular-weight organic compounds (similar 
to fragmentation); or by recondensation, where 
the volatile species combine to form a larger, 
nonvolatile, stable molecule. It should be noted 
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that recondensation can lead to the formation 
of secondary char [42]. The occurrence of these 
reactions is dependent on the conditions of the 
pyrolysis. While depolymerization can occur 
between temperatures of between 250°C 
and500°C, few fragmentation reactions occur 
within this range. Therefore, maximum bio-oil 
yields are typically achieved between 450°C 
and 550°C [43]. Above this temperature, more 
fragmentation and volatile species cracking 
reactions occur, producing more incondensable 
gases [38]. For all biomass constituents, at 
higher temperatures and long residence times, 
more recondensation reactions occur leading 
to the formation of more polyaromatic species 
and charring [42]. 

The pyrolytic degradation of cellulose starts 
with its depolymerization, whereby the glyco- 
sidic bond becomes unstable and_ breaks. 
However, with no water to carry out the hydro- 
lysis, anhydro-oligosaccharides or anhydro- 
saccharides (depending on the number of 
monomer units) are formed [44]. The most com- 
mon anhydro-saccharide — levoglucosan — is 
formed when the glycosidic bond breaks, and 
the Cı carbon of the sugar monomer forms a 
bond with the hydroxyl group attached to Cg, 
making a new ring which contains an ether 
bond. Levoglucosan can actually reach yields 
of up to 60% [45], and is relatively stable — it 
has been found to not break down when pyro- 
lysed alone [46]. Furan species also form via the 
contraction of the cyclic saccharides, specifi- 
cally the breaking of the C;—O bond and recy- 
clization at the Cy, followed by elimination of 
oxygenated groups to form the carbon-carbon 
double bonds [47]. These contractions can be 
accompanied by glycosidic bond cleavage, 
leading ultimately to the production of furans 
such as 5-hydroxymethylfuran (5-HME). This 
can further degrade, yielding other furans such 
as 5-methylfuran (5-MF), furfuryl alcohol, and 
furfural [48]. Depolymerization reactions pro- 
duce unstable species which include carbonyl 
and carboxylic acid moieties, and can undergo 
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dehydration and/or fragmentation reactions to 
produce volatile species such as CO, CO,, 
hydroxyacetaldehyde, formic acid, acetic acid, 
and aldehyde compounds [49]. 

Due to the varied structure of the hemicellu- 
lose, certain moieties of lower stability within 
its structure are removed and/or broken prior 
to depolymerization. Acetyl moieties (found in 
up to 10 wt.% in hemicelluloses) fragment to 
produce acetic acid, carboxylic acid groups 
break off to form formic acid, and methoxy 
groups from monomers such as 4-O-methyl- 
a-D-glucuronic acid cleave to form methanol 
[50]. Upon depolymerization, a wide range of 
anhydro-saccharides are produced, reflecting 
the variety of saccharide monomers present in 
hemicellulose. As with cellulose, the pyran 
rings can rearrange to form furan rings and 
ultimately form 5-HMF, 5-MF, and furfural 
[51]. The depolymerization of hemicellulose 
occurs much faster than cellulose, and thus a 
significant amount of CO, CO, and Hb is pro- 
duced. As with cellulose, similar small organic 
volatiles are produced from the various depo- 
lymerization reactions, with the inclusion of 1- 
hydroxy-butanone (from xylan) [37]. 
Hemicellulose produces significantly more 
char than cellulose. This is likely due to its 
lower relative stability due to the lack of crys- 
tallinity, and of the lower stability of the 
monomer units, which produces more reactive 
volatile species and a greater proportion of 
secondary reactions [52]. 

Lignin is also varied in structure and so 
produces a number of different products dur- 
ing the primary pyrolysis reactions. Following 
the dehydration of the hydroxyl groups pres- 
ent, the ether linkages (a-O-4, B-O-4) break 
down, releasing phenolic compounds (such as 
guaiacol, eugenol, or dimethoxyphenol), as 
well as small volatiles such as CO, COs, and 
H2O from the stabilizing rearrangement reac- 
tions [53,54]. The alkyl chains between the 
monomers can become unstable and react, 
producing short-chain organic compounds 
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such as methane, acetic acid, or acetaldehyde 
[55]. The methoxy groups present throughout 
lignin undergo homolytic cleavage, generat- 
ing either methane or methanol, and leaving 
either an —OH or —H behind [24]. At pyroly- 
sis conditions (ie, above 450°C), most of the 
lignin linkages break, though the more 
stable (ie, 5-5, 4-O-5) remain present and 
require higher temperatures to be broken [56]. 
Being an aromatic polymer, lignin produces 
more char than the pyrolysis of hemicellulose 
or cellulose, and has been observed during 
reactions above 500°C, via the significant evo- 
lution of H, at these conditions [36]. If a pro- 
cess by which the aromatic production could 
be reduced, the resultant solid char formation 
would decrease, which would therefore 
increase the ultimate bio-oil yield. While this 
is a significant challenge (as typical biomass 
contains up to 30 wt.% aromatic species in the 
form of lignin), research into pyrolysis opti- 
mization, as well as the catalysis and process 
of upgrading pyrolysis bio-oil to maximize 
yield, has improved properties and reduced 
the molecular range. 


8.4.2 Fast Pyrolysis Review 


The pyrolysis of biomass to produce bio-oil 
has been extensively reviewed in recent years 
[857,58]. Below is an updated, extensive 
review of the research that has been carried 
out to produce bio-oil, a summary of which 
can be found in Table 8.4. 

The perennial grass, miscanthus, was pyro- 
lysed using a fluidized bed pyrolysis reactor 
by Kim et al. [59]. Investigating a range of tem- 
peratures (350—500°C) and residence times 
(1.2—3.8s), the maximum bio-oil yield was 
found to be 58.9% at 350°C and a residence 
time of 1.9s. Analysing the physical properties 
and chemical composition of the bio-oil exten- 
sively, it was found that the major constituents 
of the bio-oil were 1-(acetyloxy)-2-butanone, 
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furfural, dihydromethylfuranone, and levoglu- 
cosan (from cellulose and hemicellulose); and 
guaiacol, 4-vinylphenol, and syringol (from 
lignin). 

The pyrolysis of stem wood using a pilot- 
scale cycle reactor was assessed by Wiinikka 
et al. at 750°C and 20 kg/h biomass feed, reach- 
ing a bio-oil yield of 54.6% [60]. The physico- 
chemical properties of the oil were measured. 
A different wood source (rubber wood) saw- 
dust was pyrolysed using a fixed-bed reactor 
by Mazlan et al. with a maximum oil yield of 
33 wt.% reached at 550°C. Eucalyptus waste 
was pyrolysed by Amutio et al. using a conical 
spouted reactor. The maximum bio-oil yield of 
75.4% was reached at 500°C, with a biomass 
feed of 0.12 kg/h. Phenols and ketones were 
found to be the main organic compounds in the 
resulting bio-oil, with a concentration of 26 and 
10 wt.%, respectively. 

Maize stalk was pyrolysed and studied by 
Zheng et al. using a fluidized bed reactor [61]. 
Studying a range of temperatures (420—580°C), 
the highest bio-oil yield (66%) was reached at 
500°C. The bio-oil contained mostly water, 
ketones, acids, phenolics, and furans. A differ- 
ent kind of stalk — cotton stalk — was pyro- 
lysed using a fluidized bed reactor by Ali et al. 
[62]. The effects of temperature and particle 
size on the bio-oil yield were investigated. At 
optimum conditions — 490°C and a feed size 
of 1mm — the bio-oil yield reached 36%. The 
major components of the bio-oil were found to 
be phenols, carboxylic acids, ketones, alde- 
hydes, furans, and sugars. Cotton stalk 
pyrolysis was also carried out by Zheng et al. 
using a fluidized bed reactor at a temperature 
range of 480—530°C [63]. The maximum bio-oil 
yield of 55% was reached at 510°C, with the 
major constituents of the bio-oil being acids, 
aromatics, and water. Cotton seed pyrolysis 
was investigated by Apaydin-Varol et al. at a 
range of temperatures (400—700°C), heating 
rates (5—700°C/min), and carrier gas flow 
rates (100—800 mL/min) [15]. The optimum 
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TABLE 8.4 Various Fast Pyrolysis Experiments (Without Catalyst), Showing Experimental Conditions and Resulting Bio-oil Yield, Properties, and Composition 


Experimental Conditions Bio-oil Properties 


Kinematic Elemental Composition (%) 
Carrier Bio-oil Viscosity Water Energy 
Biomass Temperature Gas Rate Yield Density (Temperature) Content Density 
Feedstock Reactor Type (°C) (L/min) (%) (kg/m) (mm?/s) (%) (MJ/kg) Carbon Hydrogen Nitrogen Oxygen References 
Chestnut Fixed-bed 600 0.1 52.5 26.16 66.4 6 1.2 30.2 [73] 
capulae 
Corncob Fluidized bed 550 L5 54.6 1.13 19.92 52.4 6.8 0.74 40.1 [64] 
Corncob Pilot-scale 500 61 >1.0 26.2 55.1 7.6 0.6 37 [65] 
fluidized bed 
Cotton seed Tubular 500 0.2 49.5 39.49 729 11.5 9.7 5.9 [15] 
Cotton stalks Fluidized bed 510 55 1.16 125 (40°C) 24.4 17.8 42.3 7.9 0.3 49.4 [63] 
Eucalyptus Conical spouted 500 10 75.4 35.7 [76] 
waste 
Jute stick Fluidized bed 500 0.2 66.7 1.11 2.34 (30°C) 12—17 18.25 [70] 
Maize stalk Fluidized bed 500 66 122 138 (40°C) 19.6 44.3 6.3 0.6 47.5 [61] 
Miscanthus Fluidized bed 350 58.9 16.5 18 16.6 40.8 7 0.6 51.7 [59] 
Palm kernel Fluidized bed 550 2 56 1.04 [69] 
shell 
Rapeseed Tubular 550 0.1 73 39.4 73.1 11,5 59 5.6 [77] 
Rice husk Fluidized bed 465 56 1:19 128 (40°C) 25.2 17.42 41.7 it 0.3 50.3 [66] 
Rice husk Fixed-bed 550 0.15 49.9 1.18 15.3 24.7 49.2 11.7 2.4 35.6 [67] 
Rice husk Conical 450 1 70 22.8 [68] 
Spouted bed 
Spent coffee Micro-tubular 550 0.5 63.4 [74] 
Stem wood Pilot-scale 750 750 54.6 17:5 46.6 7.3 0.1 45.8 [60] 
cyclone 
Sugarcane Fixed-bed 500 0.2 66.1 113 3.9 (20°C) 15 17.25 [71] 
bagasse 
Sugarcane Fluidized bed 500 50 729 [72] 
bagasse 
Sweet Fluidized bed 500 69 43.5 31.4 18.57 47.8 6.38 0.69 45.08 [18] 


sorghum 
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conditions for bio-oil production were found 
to be 500°C, 200 mL/min carrier gas flow and 
a heating rate of 300°C/min, where the bio-oil 
yield reached 49.5%. The bio-oil possessed a 
high energy density (39.5 MJ/kg) compared to 
what is usually found to pyrolyse bio-oils 
(<25 MJ/kg), likely due to the major presence 
of fatty acids in the bio-oil from the lipids in 
cotton seeds (23.8% hexandecanoic acids, 
39.5% octadecadienoic acid), which have a 
high C/O ratio and, thus, a high energy den- 
sity themselves. 

The effects of the pyrolysis product yields 
and chemical composition of the bio-oil 
obtained from corncob using a fluidized bed 
reactor were investigated by Zhang et al. [64]. 
While the investigation does use cracking cata- 
lysts, experiments were carried out without 
the catalysts for comparison and reached a 
54.6% yield at 550°C, 1.5L/min carrier gas 
flow, and 1.0—2.0 mm particle size. The major 
products formed were found to be acids, phe- 
nols, and furans. Mullen et al. also investigated 
the pyrolysis of corncob using a pilot-scale flu- 
idized-bed reactor, achieving bio-oil yields of 
61% at 500°C [65]. 

The fast pyrolysis of rice husk has been car- 
ried out by Ji-Lu [66], Zhou et al. [67], and 
Alvarez et al. [68]. Using a fluidized bed reac- 
tor, Ji-Lu investigated a range of temperatures 
(420—540°C), finding the maximum bio-oil 
yield of 56% to be reached at 465°C. The major 
products found in the bio-oil were acids, aro- 
matics, and water. Zhou used a fixed-bed reac- 
tor at 550°C, reaching a maximum bio-oil yield 
of 49.9°C with a heating rate of 25°C/min and 
a nitrogen flow rate of 150 mL/min. The main 
products in the bio-oil were found to be phe- 
nolic species and long-chain aliphatics such as 
1-octadecene and docosane. Alvarez et al. car- 
ried out investigations into the fast pyrolysis 
of the rice husk using a conical spouted bed 
reactor, with continuous removal of char [68]. 
Considering a range of temperatures, the maxi- 
mum bio-oil yield of 70 wt.% was reached at 
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450°C. While the physical properties of the 
bio-oil were not assessed, the chemical compo- 
sitions of the products were assessed. 
Increasing temperature was found to increase 
the amount of phenolics and furans, while 
reducing the concentration of acid and ketonic 
species. 

Asadullah et al. investigated the pyrolysis 
of palm kernel shells using a fluidized bed 
reactor, reacting 57% bio-oil yield at 550°C 
with a carrier gas flow of 2 L/min [69]. The 
energy density of the bio-oil achieved was 
23.48 MJ/kg, with phenol being the major 
product formed. Asadullah et al. also studied 
the pyrolysis of jute stick in a fluidized bed 
reactor [70], investigating temperatures 
between 300—600°C, reaching the maximum 
bio-oil yield of 66.7% at 500°C, and the pyroly- 
sis of sugar bagasse in a fixed-bed reactor 
between 300—600°C, again reaching the maxi- 
mum yield of 66.1% at 500°C [71]. Montoya 
et al. also pyrolysed sugarcane bagasse in a 
fluidized bed reactor, investigating the effect 
of temperature, biomass feed rate, gas flow, 
and particle on the global product distribution 
[72]. Maximum bio-oil yield of 72.9% was 
reached at 500°C, with a carrier gas flow of 
50 L/min, and a biomass feed rate of 2 kg/h. 
Heating rate was found to have the largest 
effect on yield, where increasing the heating 
rate increased the yield. The composition and 
physical properties were not assessed. The 
pyrolysis of another form of bagasse — sweet 
sorghum — was carried out by Yin et al. using 
a fluidized bed reactor at 500°C and 60 L/min 
carrier gas flow [18]. Using these conditions, a 
total bio-oil yield of 43.5% was reached, which 
was the combined yield of four fractional con- 
densers at different temperatures and an elec- 
trostatic precipitator. The major products were 
found to be mostly phenolic compounds. 

Rapeseed pyrolysis was assessed by Onay 
et al. using a tubular reactor. Investigating the 
effects of temperature (400—700°C), particle 
size, and carrier gas flow, the maximum 
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bio-oil yield of 73% was reached at 550°C, 
0.6—1.25 mm particle size, and 100 mL/min. It 
was found by 'H NMR that 85% of the hydro- 
gens present in the bio-oil were saturated ali- 
phatic hydrogens. This is supported by the 
high energy density of the bio-oil obtained 
(39.45 MJ/kg), due to the presence of lipids in 
the rapeseed which will likely be present in 
the bio-oil as fatty acids. 

Kar et al. studied the pyrolysis of chestnut 
cupulae within a fixed-bed reactor, and inves- 
tigated the effect of temperature, particle size, 
and sweeping gas (nitrogen) flow rate on the 
product yields [73]. The maximum bio-oil 
yield of 52.50 wt.% was obtained at 600°C and 
100 mL/min sweeping gas rate. The ideal par- 
ticle size for maximum liquid yield was found 
to be below 0.25mm, while changing sweep- 
ing gas rate had little effect. Spent coffee 
grounds were pyrolysed by Ngo et al. [74] 
using a micro-tubular reactor. Investigating the 
effects of temperature and sweeping gas (N2) 
rate, the maximum bio-oil yield was found to 
be 63.4% at 550°C and 500 mL/min. The bio- 
oil was found to contain mostly phenol deriva- 
tives, aldehydes, ketones, acids, and alcohols. 
An interesting component of the bio-oil was a 
significant amount of fatty acids (due to the 
high lipid content of waste coffee [75]), which 
would contribute to the stability of the bio-oil. 

There are a number of technologies and feed- 
stocks (of varied composition) that can produce 
bio-oil successfully in significant yields. The 
variety, however, leads to a number of different 
products and a difference in concentration of 
each product. Selectivity, therefore, is difficult. 
While some feedstocks produce bio-oils of high 
energy density, those feedstocks are usually 
high in triglycerides (such as seeds) and there- 
fore higher in C/O ratio than lignocellulose on 
average. These also contain significant amounts 
of nitrogen, due to the higher presence of 
nitrogen-containing compounds such as pro- 
tein, which would need to be removed from a 
final fuel formulation due to the negative 
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effects of NO, produced from nitrogen- 
containing fuels [75]. Regardless of the ultimate 
composition of a bio-oil, however, the quality is 
not conducive to fuel applications without sig- 
nificant upgrading. 


8.4.3 Fast Pyrolysis Bio-oil Upgrading 


As has been established, the bio-oil obtained 
from fast/flash pyrolysis of biomass must be 
upgraded to improve its properties to what is 
acceptable for fuel applications, reduce the 
number of molecules obtained, and allow for 
directed and selective fuel formulation produc- 
tion. In many biorefinery processes, the bio-oil 
is condensed to its liquid form prior to upgrad- 
ing (Fig. 8.3). Raw bio-oil suffers from a variety 
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FIGURE 8.3 Process flow diagram for biomass fast 
pyrolysis and subsequent upgrading. 
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of issues. Organic acids derived from degra- 
dation of hemicelluloses lead to high acidity 
[78], carbonyl compounds result in instabil- 
ity and cause polymerization [79,80], and 
the high polarity makes bio-oil insoluble in 
hydrocarbons (eg, petroleum products) [81]. 
Therefore, these bio-oils must be upgraded 
(traditionally through hydrotreating) to be 
suitable for use as a fuel [82—84]. However, 
catalytic upgrading of bio-oils can suffer 
from tar plugging and catalyst fouling due 
to significant coking. As a result of this ther- 
mal instability, hydrotreating of bio-oils is 
usually performed in two-stages in order to 
deal with the complexity of the oil (hun- 
dreds of compounds) and thermal reactive 
nature of the oil [82]. 


8.5 CATALYTIC FAST PYROLYSIS 
OF BIOMASS 


One promising process for the production 
of more stable bio-oils is catalytic fast pyroly- 
sis, whereby the pyrolysis oil is upgraded in 
the vapour phase before being condensed into 
liquid, using a catalyst. This comes in two 
forms: in situ, whereby the deoxygenation cat- 
alyst is within the pyrolysis reactor itself and 
the pyrolysis vapour is deoxygenated as it is 
produced; and ex situ, whereby the catalytic 
upgrading is performed in a separate reactor 
and the pyrolysis vapour produced is sepa- 
rated from the char, ash, and other solids pro- 
duced before being passed through the 
catalyst (Fig. 8.4) [85]. In both processes, 
upgrading can be performed in the presence of 
hydrogen or an inert carrier gas. Depending 
on the conditions and the catalyst, the mechan- 
isms of action and therefore products of cata- 
lytic fast pyrolysis are different. However, the 
aim is always to reduce the oxygen, produce 
hydrocarbons to improve resultant fuel prop- 
erties, and reduce coking to increase the bio-oil 
yield. The chemistry of catalytic fast pyrolysis 
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includes hydrotreatment, cracking, ketoniza- 
tion, aldol condensation, and aromatization. 

In hydrotreatment, the pyrolysis vapour is 
exposed to hydrogen (and catalyst) and can 
undergo a range of reactions, including hydro- 
genation (whereby hydrogen is incorporated 
into a molecule’s structure without breaking a 
bond, that is, C—C double bond to C—C single 
bond, ketone to alcohol, or imine to amine), 
hydrogenolysis (whereby a bond is cleaved by 
hydrogen), hydrodeoxygenation (whereby 
oxygen is removed in the form of water), dec- 
arbonylation (whereby oxygen is removed in 
the form of carbon monoxide [and water if 
originated from a carboxylic acid]), and decar- 
boxylation (whereby the oxygen is removed in 
the form of carbon dioxide). While increasing 
the hydrogen content of the bio-oil improves 
the majority of the physical properties, com- 
plete saturation is not required — an oxygen 
content of below 5 wt.% will likely be neces- 
sary for aviation biofuel applications [86]. 
Hydrodeoxygenation can minimize the hydro- 
gen consumption, as phenol and its derivatives 
are the least active for this, and do not reach 
full saturation in this process [87]. 
Conventional hydrodeoxygenation of bio-oil is 
carried out in liquid phase between 250°C and 
450°C at 75—300 bar, with sulphided CoMo or 
NiMo catalysts, due to their use as hydrode- 
sulphurization catalysts in the fossil-fuel 
industry [88]. However, these catalysts can 
leach sulphur into the bio-oil, which is not 
ideal due to the need for low-sulphur fuels (as 
sulphur in fuels can generate SO, upon com- 
bustion, leading to acid rain formation), and as 
sulphur is needed to maintain the activity of 
the catalyst. 

Cracking produces aromatics and olefins by 
a variety of pathways, including C—C bond 
cleavage, hydrogen transfer, isomerization, 
and deoxygenation reactions such as decarbox- 
ylation, decarbonylation, and dehydration [86]. 
Olefins are produced by repeated dehydration 
steps of oxygenated compounds formed 
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FIGURE 8.4 Process flow diagrams for catalytic fast pyrolysis pathways [85]. 


during pyrolysis, which can oligomerize via 
condensation and Diels-Alder reactions to pro- 
duce aromatics [89]. This aromatic production 
leads, unfortunately, to the increased 
production of charring. This, along with 
the production of short-chain uncondensable 
hydrocarbons (C,—C,), can reduce the overall 
bio-oil yield. Experimental methods for cata- 
lytic cracking of bio-oil (usually carried out in 
the presence of zeolites, to be discussed later) 
typically results in bio-oil yields of 14—23%. 
As well as cracking and hydrotreatment, 
catalytic fast pyrolysis can also include the 
species within the pyrolysis vapour reacting 
with each other. As has been discussed, bio-oil 
typically contains a large portion of carboxylic 
acids, esters, ketones, and aldehydes [27,28]. 


The carbonyl species within these molecules 
are active for C—C coupling reactions such as 
aldol condensation, Michael addition, and 
ketonization, which produces longer-chain 
molecules that can be converted into fuel-like 
molecules via their hydrodeoxygenation [90]. 
It is known, however, that the pyrolysis of 
carbonyl-containing species leads to significant 
aromatic production (via cyclization of the 
condensation products) and subsequent coking 
[91], thus reducing the yield of bio-oil. 


8.5.1 Catalysts 


The catalysts used for catalytic fast pyrolysis 
have a significant effect on the resulting 
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composition of the bio-oil, as they will have 
different activities for the mechanisms 
described above. Below is a discussion of the 
catalysts used for catalytic fast pyrolysis, along 
with research carried out with them. A sum- 
mary is included in Table 8.5. 
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8.5.1.1 Zeolites 


Some of the most promising catalysts for 
bio-oil upgrading are zeolite-based systems. 
Zeolites occur naturally in geological formation, 
with over 40 naturally occurring forms known 
such as mordenite, natrolite, and faujasite. 


TABLE 8.5 Various Catalytic Fast Pyrolysis Studies Showing Yields and (Where Available) Properties and 


Composition of the Liquid Produced 


Experimental Conditions 


Bio-oil 
Biomass Reactor Temperature Yield 
Feedstock Catalyst type (CC) (%) 
Palm oil HZSM-5 Fixed-bed 350 53 
Pine HZSM-5 Fixed-bed 300 47.8 
sawdust 
Poplar HZSM-5 Fluidized 500 33.60 
wood bed 
Corn HZSM-5 Microwave 500 ~20 
stover semi- 
continuous 
Waste HZSM-5 Py-GC/MS 500 N/A 
pepper 
stems 
Wood HZSM-5 Fluidized 600 N/A 
sawdust bed 
Pine wood HZSM-5 Fluidized 600 N/A 
bed 
Rice husks HZSM-5 Fluidized 400 7.2 
bed 
Corncob HZSM-5 Fixed-bed 550 13.7 


Bio-oil 
Properties 
Hydrocarbon Major and 
Yield (%) Products Composition References 
N/A Aromatics [96] 
N/A Phenolics [98] 
N/A Aromatics, v=147 mm?/ [22] 
ketones s (@ 25°C), 
C=71.2%, 
H = 6.8%, 
O = 21.9% 
N/A Oxygenated [107] 
aliphatics 
and 
aromatics 
N/A Aromatics [106] 
N/A 14% [97] 
aromatics, 
5% olefins 
23.2 Aromatics, [100] 
Co—Cy 
olefins 
N/A Phenols, C=77.6%, [103] 
cresols and H=7.7%, 
aromatics O = 14.5% 
N/A Aromatics p=0.95 [101] 
ke/ m3, 
H-O = 22.9%, 
C=74.1%, 
H=9.3%, 
O = 14.7% 
(Continued) 
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Temperature 
(C) 
600 


550 


500 


500 


500 


400 
550 


650 
600 


300 


300 


500 


500 


250 
250 
250 


300 


TABLE 8.5 (Continued) 
Experimental Conditions 

Biomass Reactor 

Feedstock Catalyst type 

Food HZSM-5 Py-GC/MS 

waste 

Rice stalk HZSM-5 Fluidized 
bed 

Corn HZSM-5 Py-GC/MS 

stover 

Corn HZSM-5 Py-GC/MS 

stover (used) 

Corn HZSM-5 Py-GC/MS 

stover (regenerated) 

Palm oil H-8 Fixed-bed 

Pinewood Ga/ZSM-5 Fluidized 

sawdust bed 

Pine wood Mo/ZSM-5 Py-GC/MS 

Pine wood Ni/ZSM-5 Quartz 
tube 

Pine Meso- Fixed-bed 

sawdust HZSM-5 

Pine Meso-MFI Fixed-bed 

sawdust 

Lignocel A1203 Fixed-bed 

HBS 

Lignocel MgO Fixed-bed 

HBS 

Guaiacol Pt/C Fixed-bed 

Guaiacol Pd/C Fixed-bed 

Furan Ni/SiO> Tubular 

Furan Pt/AlLO3 Packed bed 
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Bio-oil 
Yield 
(%) 
N/A 


N/A 


N/A 


N/A 


N/A 


53.7 
N/A 


N/A 
N/A 


53.6 


47.5 


37.4 


51 


N/A 
N/A 
N/A 


N/A 


Hydrocarbon 
Yield (%) 
N/A 


23,9 


N/A 


N/A 


N/A 


N/A 
34.3 


N/A 
16 


N/A 


N/A 


5.5 


26.8 


30.8 
50.4 
85 


N/A 
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Major 
Products 


Aromatics 


Aromatics, 
C>—C,34 
olefins 


Phenolics 


Phenolics 


Phenolics 


23.2% 
aromatics 


Aromatics 


Aromatics 


Phenolics 


Phenolics, 
PAHs 


Phenolics, 
aromatics 


Unsaturates 


Phenol 
Phenol 


THF, 
furfural 
alcohol 


C3—Cy 
aliphatics 


Bio-oil 


Properties 


and 


Composition References 


H20 = 32.5%, 


C= 68.4, 


H=7.6%. 


O = 24% 


H20 = 29.6%, 


C=70.1, 
H=8%, 


O = 21.9% 


[105] 


[102] 


[104] 


[104] 


[104] 


[96] 
[111] 


[113] 
[112] 


[98] 


[98] 


[118] 


[118] 


[114] 
[114] 
[115] 


[116] 
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Specifically, a zeolite is a crystalline, micropo- 
rous aluminosilicate material consisting of inter- 
connecting SiO, and AlO; tetrahedra. In these 
forms, silicon has a +4 charge, while alumina 
has a +3 charge, and so the AlO, tetrahedron 
carries a negative charge. The interconnecting 
tetrahedra form a three-dimensional framework, 
with uniform pores of roughly molecular 
dimensions that run through the structure. As 
such, monopositive cations can be accommo- 
dated in these pores, cancelling out the AlO, 
negative charge and allowing the overall struc- 
ture to remain electroneutral [92]. Due to their 
unique combination of chemical nature and 
pore structure, zeolites have found many uses, 
including gas physisorption, liquid adsorption, 
molecular sieves, and catalytic applications. 

The most prevalent and widely researched 
zeolite is ZSM-5. It is such called due to its 
original synthesis by Mobil scientists (Zeolite 
Socony Mobil-5). Its structure has been well 
defined in the literature [93], containing 
straight and sinusoidal channels of ca. 5.5A 
diameter, and pores of ca. 8 A. Commercially, 
ZSM-5 is generally obtained in its ammonium 
form. Upon calcination, however, the ammo- 
nium ion breaks down, ammonia is given off 
leaving behind a proton, and HZSM-5 is pro- 
duced. HZSM-5 can exhibit both Bronsted 
acidity and — when a Bronsted acid site is 
dehydrated — Lewis acidity, and can be char- 
acterized by its silica-to-alumina ratio (SAR, 
SiO2/Al,O3). A higher SAR signifies less neg- 
atively charged AlO, tetrahedrons which 
need to be neutralized by cations, and there- 
fore has less acidic sites overall, leading to a 
lower reactivity. HZSM-5 is an effective dehy- 
dration, isomerization, and oligomerization 
catalyst. It is most significantly used to 
produce synthetic gasoline via the methanol- 
to-gasoline process, whereby two moles of 
methanol are dehydrated to form dimethyl 
ether, before being further dehydrated to 
C»—Cs olefins and eventually oligomerized 
to a mixture of alkanes, cycloalkanes, alkenes, 
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and aromatics [94]. The protonated form of 
ZSM-5, HZSM-5, is shape selective due to its 
pore size. Molecules no bigger than trimethyl- 
benzene can be produced in the pores [7]. 
Other zeolites of differing structure are also 
considered for catalytic fast pyrolysis, such as 
H-Y and H-8 [95]. 

The catalytic fast pyrolysis of palm oil to 
hydrocarbons with HZSM-5 and H-8 was inves- 
tigated by Twaigq et al. [96]. Using a fixed-bed 
reactor at temperatures between 350—450°C, 
weight hourly space velocities of 1—4 h™! and 
atmospheric pressure, HZSM-5 reached a maxi- 
mum bio-oil yield of 53% at 350°C and a weight 
hourly space velocity of 2.5 h™'. 

While aromatic production would preferen- 
tially be avoided during pyrolysis reactions, if 
aromatics can be produced in high yields with- 
out the subsequent oligomerization and even- 
tual coke formation, they could be a valuable 
fuel addition due to their requirement for 
lubricity and material compatibility purposes. 
Carlson et al. carried out the catalytic fast 
pyrolysis of wood sawdust using HZSM-5- 
based catalysts in an attempt to produce aro- 
matics (the production of which HZSM-5 is 
ideal for) and olefins [97]. Using a bubbling 
fluidized bed reactor, the highest aromatic 
yield from the sawdust reached 14% at 600°C 
and a low biomass weight hourly space veloc- 
ity (<0.5h7'). There was, however, significant 
loss of carbon-to-coke formation at these con- 
ditions (> 30%). 

Pinewood is a popular feedstock for pyroly- 
sis due to its abundance. Park et al. carried out 
catalytic fast pyrolysis of pinewood using zeo- 
lite catalysts, including HZSM-5, a mesoporous 
form of HZSM-5 (Meso-HZSM-5), and a meso- 
porous MFI catalyst (Meso-MFI) [98]. The max- 
imum bio-oil yields reached for HZSM-5, 
MMZ, and Meso-MFI were 47.8%, 53.6%, and 
47.5%, respectively, all at 300°C. Meso-MFI 
did, however, produce a larger proportion of 
gasoline range (Cg—Co) aromatic species. The 
catalytic fast pyrolysis of poplar wood with 
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HZSM-5 was carried out by Agblevor et al. 
using a fluidized bed reactor [99]. At 500°C 
and a biomass feed rate of 100 g/h, a bio-oil 
yield of 33.6% was reached, mostly comprised 
of aromatic species and ketones, though the 
viscosity was much higher than would be 
allowed for fuel molecules. 

Zhang et al. carried out the catalytic fast 
pyrolysis of pine wood in a fluidized bed reac- 
tor using HZSM-5 as the catalyst [100]. 
Assessing the effect of temperature and weight 
hourly space velocity on yield and selectivity, 
the maximum carbon yield was 23.7% at a 
temperature of 600°C and a weight hourly 
space velocity of 0.35 h™*. Zhang et al. also car- 
ried out the catalytic fast pyrolysis of corncob 
using HZSM-5 and a fluidized bed reactor 
[101]. The oil yield achieved was 13.7%, 74.2% 
of which was comprised of aromatic hydrocar- 
bons. While the oil yield was significantly 
lower than what was reached via non-catalytic 
methods (33.9%), the quality of the bio-oil was 
much increased as the C/O ratio was signifi- 
cantly higher. Further work by Zhang et al. 
includes the catalytic fast pyrolysis of rice 
straw biomass in a fluidized bed reactor using 
HZSM-5 at 550°C and a biomass feeding rate 
of 44 g/h [102], reaching a hydrocarbon yield 
of 23.3%, most of which consisted of aromatic 
species and C—C; olefins. 

Rice husks are another common feedstock 
used in pyrolysis, as a waste product of rice 
cultivation. Williams and Nugranad studied 
the pyrolysis catalytic fast pyrolysis of rice 
husks using a fluidized bed reactor using 
HZSM-5 at various temperatures (400—600°C) 
[103]. The yield of oil from catalytic fast pyrol- 
ysis was drastically reduced at 550°C when 
compared to noncatalytic pyrolysis (7.2% max- 
imum yield compared to 28.5%), though the 
quality of the bio-oil was much higher, as was 
evidenced by the higher C/O ratio. 

Recently, Bo Zhang et al. have carried out 
interesting research into using zeolites for cata- 
lytic fast pyrolysis, including looking into the 
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effect of fresh, spent, and regenerated HZSM-5 
on the catalytic fast pyrolysis of corn stover 
using a pyroprobe GC-MS [104]. Carrying out 
reactions at 550°C it was found that there was 
little difference between the fresh and regener- 
ated HZSM-5, while the spent HZSM-5 (pre- 
coked) formed less coke and less phenolics in 
the reaction while producing more of the tar- 
get products, with higher hydrocarbons and 
lower oxygen contents. Again using a pyrop- 
robe GC-MS, Bo Zhang et al. studied the cata- 
lytic fast pyrolysis of food waste, a waste 
product gaining popularity in research in 
recent years [105]. Carrying out the reactions 
at a range of temperatures (500—700°C), it was 
found that 600°C was the optimum tempera- 
ture for production of aromatics and other 
organic pyrolysis products. Also looking into 
the catalytic fast pyrolysis of food waste, Park 
et al. studied its effect on waste pepper stems 
using HZSM-5 with a pyroprobe GC/MS, and 
found that HZSM-5 produced significantly 
higher proportions of aromatics (benzene, tolu- 
ene, xylene) than noncatalytic pyrolysis [106]. 
In another experimental set-up, Bo Zhang et al. 
carried out catalytic fast pyrolysis on a modi- 
fied HZSM-5 catalyst (with a deposition of 
SiO2) using a microwave-assisted method 
[107]. Carrying out reactions at 500°C, with 
varying levels of deposited SiO, (1.3—5.9%), 
the bio-oil yield achieved was 15.6—22.6% with 
no significant trend observed. The amount of 
SiO, also did not affect the chemical composi- 
tion of the bio-oil achieved, with the majority 
being oxygenated aliphatic and aromatics. 
However, increasing the proportion of SiO, 
reduced the amount of coke produced. 

In situ and ex situ catalytic fast pyrolysis 
of miscanthus with HZSM-5 was carried out 
by Gamliel et al. using a pyroprobe GC-MS 
[108]. While ex situ catalytic fast pyrolysis led 
to higher selectivity or aromatic species, 
in situ catalytic fast pyrolysis yielded more 
bio-oil, while the solid material for both was 
similar. 


II. THE SCIENCE AND TECHNOLOGY OF DEVELOPING BIOFUELS FOR AVIATION 


8.5 CATALYTIC FAST PYROLYSIS OF BIOMASS 


Recently, Hammer et al. developed a two- 
step process to produce high quality bio-oils 
from biomass [109]. In this process, the biomass 
is initially pyrolysed between 300—350°C to 
decompose cellulose and hemicellulose either 
noncatalytically or with HZSM-5, and in the 
second step the remaining lignin-rich biomass 
was pyrolysed in the presence of HZSM-5 at 
500°C (ie, in situ CFP arrangement), ultimately 
producing two separate bio-oils. This method 
was found to increase the aromatic portion of 
the bio-oil while reducing the amount of oxyge- 
nates when compared to conventional one-step 
pyrolysis at 500°C. 


8.5.1.2 Metal-impregnated Zeolites 


By impregnating catalytic metal centres 
within the structure of zeolites, multifunctional 
catalysts can be produced, whereby the 
Bronsted acid zeolite can carry out cracking 
reactions (as discussed in the previous sec- 
tion), and the metal centre is active for addi- 
tional reaction types, such as hydrogenation 
reactions (eg, hydrodeoxygenation). By creat- 
ing a bifunctional catalyst, there is potential 
for an improved product suite, closer resem- 
bling current fuels. However, introducing cer- 
tain metals, such as Fe or Cu does not 
significantly change the resulting products 
[110]. Furthermore, how the new metal-doped 
catalyst is synthesized can have a significant 
impact on its activity. 

Cheng et al. produced significant amounts of 
aromatic compounds from furan using a bifunc- 
tional Ga/ZSM-5 catalyst, reaching a maximum 
aromatic yield of 23.7% at 600°C with a weight 
hourly space velocity of 0.3 h™* [111]. 

French and Czernik carried out fast pyroly- 
sis of wood, lignin, and cellulose in a quartz 
tube reactor with a range of metal- 
impregnated ZSM-5 catalysts, the products 
were analysed by a molecular beam mass spec- 
trometer [112]. While a vast range of metal- 
impregnated catalysts were tested, including 
gallium, cobalt, and iron-impregnated ZSM-5, 
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Ni/ZSM-5 achieved the highest hydrocarbon 
yield of 16% with a toluene yield of 3.5%. 
Thangalazhy-Gopakumar et al. also carried out 
catalytic fast pyrolysis of pine wood with 
metal-impregnated ZSM-5 — specifically Ni, 
Co, Mo, and Pt — and carried out the reactions 
at a range of hydrogen pressures (7—27.5 bar) 
[113]. While the Mo/ZSM-5 was not as active 
as HZSM-5 at lower pressures (7—21 bar), 
upon carrying out the reactions at 27.5 bar the 
metal-impregnated zeolites reached a higher 
aromatic yield (~41.5 wt.% carbon yield) than 
HZSM-5 (36.2 wt.% carbon yield). 


8.5.1.3 Supported Metal Catalysts 


While some supported metal catalysts have 
been discussed previously, those were coupled 
with active porous catalysts for a bifunctional 
catalyst system. By supporting active metal 
catalyst on a less active surface, hydrodeoxy- 
genation reactions dominate. The literature 
surrounding the use of metal-supported cata- 
lysts on biomass pyrolysis vapours is sparse; 
however, model compounds such as guaiacol 
and furan are commonly used. 

Sun et al. investigated a number of metal 
and precious metal catalysts supported on car- 
bon, including Cu/C, Fe/C, Pd/C, Pt/C, and 
Ru/C on the hydrodeoxygenation of guaiacol 
[114]. Ru/C was found to be the best conver- 
sion catalyst, with complete conversion at 
350°C; however, this resulted in solely volatile 
gas-phase products. For Pd/C and Pt/C, sig- 
nificantly high conversions were reached at 
250°C (30.8% and 50.4%, respectively), with 
the major product being phenol. 

The hydrodeoxygenation of furfural was 
investigated by Sitthisa et al. using Cu, Ni, and 
Pd supported on SiO, [115]. Investigating a 
range of temperatures (230—290°C), and an H3 
flow of 60 mL/min, maximum conversion of 
77% was achieved by 10% Cu/SiOQ, at 270°C, 
with the major product being furfuryl alcohol, 
100% conversion was reached by 5% Ni/SiO; at 
230°C, with the major products being furan and 
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furfuryl alcohol, and 85% conversion was 
reached by 1% Pd/SiQ} at 250°C, with the major 
products being THF and furfuryl alcohol. The 
hydrodeoxygenation of furan was also investi- 
gated by Runnebaum et al. using 1% Pt/ AlO; 
at 300°C and 1.4 bar in a packed-bed reactor, 
leading to the formation of C3—C, aliphatics and 
a small amounts of C7 aliphatics [116]. 


8.5.1.4 Metal Oxides 


Metal oxides have been utilized for a num- 
ber of catalytic processes [117], and have been 
considered for catalytic fast pyrolysis. While 
acidic metal oxides such as AlO; have been 
reported to reduce the bio-oil yield while 
increasing water and charring when compared 
to noncatalytic conditions in a fixed-bed reac- 
tor, basic metal oxides such as MgO have been 
found to improve the bio-oil quality in terms 
of the proportion of carbon and reduction of 
oxygen in the resulting bio-oil. It was, how- 
ever, reported to reduce the overall bio-oil 
yield [118]. Transitional metal oxides, such as 
TiO, Fe20;3, NiO, and ZnO, generally reduce 
the bio-oil and hydrocarbon yields while 
increasing the water, gas, and charring [119]. 


8.6 JET FUEL-SPECIFIC PYROLYSIS 


The studies carrying out pyrolysis for the spe- 
cific aim of producing jet fuel are sparse. During 
the pyrolysis of palm oil by Twaig et al. [96], dis- 
cussed previously using a fixed-bed reactor, the 
products achieved from HZSM-5 and H-8 were 
analysed from the fractions of the liquid fractions 
produced, assigning distillation temperature 
ranges for gasoline (boiling point 60—135°C), ker- 
osene (boiling point 135—160°C), and diesel (boil- 
ing point 160—200°C). Using HZSM-5, the bio-oil 
procured was determined to contain 26.6% gaso- 
line, 15.8% kerosene, and 4.2% diesel, while the 
bio-oil produced using H-8 was found to contain 
22.1% gasoline, 12.1% kerosene, and 10.7% die- 
sel. While this is one of the few publications to 
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determine any such fractions, boiling point 
alone is a poor measure for the suitability 
for jet fuel applications. Furthermore, the 
large-scale production of jet fuel from a tri- 
elyceride source is unsustainable, as it 
requires the production of a significant por- 
tion of biomass that goes unused, and can 
therefore be considered waste. 

The only research to produce jet fuel from 
lignocellulosic biomass pyrolysis is the recent 
work by Wang et al. [120], though the entire 
process contains several steps. In the investiga- 
tion, fast pyrolysis of straw stalks was carried 
out using a circulating fluidized bed with a 
capacity of 120 kg/h. This bio-oil was then cat- 
alytically cracked with HZSM-5 to produce 
aromatics and light olefins over a range of 
temperatures (450—650°C). Both aromatic yield 
and light olefin production peaked at 550°C, 
reaching 29.2°C-mol.% and 17.4°C-mol.%. In 
the next step, alkylation of the aromatics, using 
the light olefins produced as the alkyla- 
ting agents, was carried out in 1-butyl-3- 
methylimidazolium  chloroaluminate ionic 
liquid ([bmim]Cl-2AICl;), which acts as both a 
solvent and a catalyst for the reactions. At fac- 
ile conditions — that is, atmospheric pressure 
and 20°C — a high selectivity of 88.4% of 
Cg—C,5 aromatic hydrocarbons was produced. 
Lastly, hydrogenation of these alkylated pro- 
ducts was carried out between temperatures of 
120°C and 210°C for 6h in the presence of 5% 
Pd/C and 5 MPa of hydrogen. After this reac- 
tion period, 72.5 wt.% of the resulting liquid 
was comprised of Cg—Cj5 cyclic alkanes. The 
jet fuel produced was then analysed for its 
physical properties and was found to have a 
higher heat of combustion and a lower freez- 
ing temperature than conventional jet fuels (Jet 
A, Jet A-1, and JP-8 [military grade]), while 
possessing similar density, viscosity, and H/C 
ratio than its crude oil-derived counterparts. It 
should be noted, however, that one aspect of 
the fuel that was not determined was flash 
point. While this is set at a minimum of 38°C, 
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is it unclear whether this specification is for 
the safety of handling or whether it has any 
effect on the resulting combustion of the fuel 
in jet engines. The fuel tanks of a commercial 
airliner, however, act as heat sinks during 
flight and so flash point should be taken into 
account and determined before a fuel is 
deemed suitable. While there are many steps 
to the Wang process, and each step leads to a 
loss of carbon and a lower ultimate yield of jet 
fuel, it shows how biomass can be catalytically 
broken apart and subsequently recombined to 
produce jet fuel hydrocarbons. 


8.7 CONCLUSIONS AND FINAL 
REMARKS 


Pyrolysis, specifically fast pyrolysis, is a 
technology that produces liquid fractions 
(termed ‘bio-oil’) in high yield (up to 65 wt.%) 
from biomass by subjecting it to moderate tem- 
peratures (400—600°C), short residence times 
(0.5—5 s), and high heating rates (10—200°C/s). 
The bio-oil produced, however, is unstable, vis- 
cous, and corrosive due to the high presence of 
oxygen, and requires significant upgrading 
before being able to meet the stringent specifi- 
cations outlined by jet fuel specifications. For 
any liquid produced to be considered as a jet 
fuel, its low-temperature properties (melting 
point and viscosity), energy density, and flash 
point require determination. 

Depending on the feedstock, and the feed- 
stock’s ratio of cellulose, hemicellulose, and lig- 
nocellulose within its composition, the 
resultant bio-oil will have a very different com- 
position. These products can also react with 
each other, providing an even more varied bio- 
oil composition. Upgrading of bio-oil via deox- 
ygenation, hydrotreatment, and cracking via 
the use of heterogeneous catalysts (largely zeo- 
lites, but also metal oxides and supported metal 
catalysts) has been considered and researched 
extensively in the literature. However, the 
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liquid products are usually relatively low in 
yield (10—50%), the majority of which is com- 
prised of aromatic species or oxygenated ali- 
phatics. The fuel properties of most liquid 
products are also not determined, either due to 
the small amount being produced or the funda- 
mental nature of the investigations. While aro- 
matics are desirable in small quantities in jet 
fuel due to their seal swell characteristics, to 
meet specifications the majority of the fuel’s 
formulations should consist of alkanes, 
cycloalkanes, and potentially, alkenes. 

It is clear that, despite the ability of pyrolysis 
to produce significant liquid yields, it is unsuit- 
able as a fuel production technology without 
significant further upgrading. One study, where 
jet fuel range cycloalkanes (Cg—Cj5) were pro- 
duced, showed that pyrolysis can have a place 
in the production of jet fuel when coupled with 
additional reactions, such as alkylation of the 
aromatics produced using the olefins produced 
from pyrolysis, and subsequent hydrogenation 
of those aromatics. While this process, and 
others like it, warrant further research for 
optimization, the economics of such a process 
are likely to be significantly limiting. 

Lastly, the technology of pyrolysis has many 
different variables (temperature, gas flow, resi- 
dence time, feedstock composition, feedstock 
particulate size, catalyst activity), each of which 
has a drastic effect on the resultant composi- 
tion of the bio-oil. Any technology that can 
reduce this variety, increase selectivity, and 
therefore allow for directed production of fuel 
formations, should be extensively researched. 
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9.1 INTRODUCTION 


There are numerous potential benefits of 
using microalgae as a biofuel feedstock, which 
address many of the issues associated with 
both first- and second-generation fuels [1]. 
Algae have faster growth rates, benefiting 
from higher photosynthetic efficiencies [2] 
(~3—8% compared to 0.5% for terrestrial 
plants), shorter growth cycles, and lower water 
demands compared to terrestrial plants [3,4], 
and as algae cultivation does not require ara- 
ble land, algae can be cultivated without com- 
peting with food production. Additionally, the 
high CO; fixation capacity of algae means that 
widespread algal production could potentially 
be used as a means of sequestering industrial 
CO, emissions. These environmental benefits 
have clear links to potential economic and 
social benefits, particularly for developing 
nations [5]. The potential of microalgae and 
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macroalgae as feedstocks for aviation fuels has 
already been covered in-depth in chapter 
‘Feedstocks for Aviation Biofuels’. However, 
the large-scale implementation of algal tech- 
nologies as a replacement for fossil fuel 
resources hinges on improvements in the effi- 
ciency of algal production and conversion. 


9.2 HYDROTHERMAL 
PROCESSING OF ALGAL 
FEEDSTOCKS 


Most early investigations into algal biofuels 
focused on adapting existing biodiesel produc- 
tion technologies such as the use of microalgal 
lipids as a feedstock. An alternative to biodiesel 
production from algal lipids is thermochemical 
processing, which refers to processes such as 
gasification, pyrolysis, or hydrothermal lique- 
faction (HTL). These techniques utilize the 
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entire algal biomass, including proteins and car- 
bohydrates, to generate algal oils. However, 
although both gasification and pyrolysis are 
effective for processing of dry feedstocks such 
as lignocellulose, they are unappealing from an 
economic standpoint due to the high mass frac- 
tion of water in algal feedstock, and the need 
for energy-intensive drying [6]. 

In contrast, thermochemical processes con- 
ducted in the presence of water, such as hydro- 
thermal gasification, hydrothermal 
carbonization, and HTL, are more suitable for 
wet feedstocks. HTL, in particular, has recently 
been examined for the processing of whole 
microalgal feedstocks, and can offer significant 
energetic cost savings, as lipid content and 
overall biomass productivity are often inversely 
related [6]. It utilizes water at sub-/near-critical 
conditions (200—374°C, 5—28 MPa) as both the 
reaction medium and solvent for a host of 
simultaneous reactions, converting algal bio- 
mass into a bio-crude oil, alongside a nutrient- 
rich aqueous phase, a solid char, and a number 
of gaseous products (Fig. 9.1). The bio-crude oil 
produced is acidic, highly viscous, and contains 
high proportions of N and O. Much like pyroly- 
sis oil, this bio-crude can be catalytically 
upgraded to produce various fractions of 


HTL 
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hydrocarbon fuels, including aviation kerosene. 
However, the nitrogen content is substantially 
higher in algal bio-oils than alternative terres- 
trial oils, and as such, removal of the 
N-compounds in the bio-crude is one of the 
most significant challenges that must be over- 
come in order to advance HTL technology for 
biofuel production from microalgae. 

HTL can be used to process biomass at a 
concentration of ca. 10—25 wt% in water, 
reducing the energy consumption of biomass 
preparation by 88% (with respect to using dry 
biomass) if a 16% slurry is generated using 
centrifugation and processed without further 
drying steps [7]. The mild temperatures used 
in HTL are well within the range of tempera- 
tures encountered in many conventional oil 
refinery operations [8], and as such, HTL pro- 
cessing for algal biomass can be made energy- 
efficient and easily scalable. Liu et al. evalu- 
ated the life cycle performance of lab-, pilot-, 
and full-scale scenarios, finding significant 
improvements in Greenhouse Gas emissions 
with respect to gasoline and corn ethanol, and 
a potential Energy Return on Energy Invested 
of ~2.5 for the full- scale scenario [9], subject 
to the optimization of a closed-loop system 
incorporating energy and nutrient recycling. 


FIGURE 9.1 Products of 


hydrothermal liquefaction. 
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9.2.1 Reaction Mechanism 


HTL employs water at near-critical condi- 
tions as a reaction medium and solvent. At 
near-critical conditions, the solvent properties 
of liquid water change substantially (including 
changes in dielectric constant, density, diffu- 
sivity, polarity, viscosity, H-bonding, and H” 
donor capabilities), transforming it from a 
polar, highly H-bonded solvent to exhibiting 
behaviour more typical of a nonpolar organic 
solvent. In this form, it can act as a solvent for 
a range of organic reactions and facilitate the 
breakdown of biomass to bio-crude [10] 
(Fig. 9.2). 

The prevention of vapour formation at high 
pressure means the enthalpy associated with 
the phase change of water is largely reduced, 
giving vastly increased energy efficiencies for 
HTL processing over pyrolysis [12]. 

HTL is comprised of hundreds of simulta- 
neous reactions, which are not well- 
characterized in the literature. In hot 
compressed liquid water (near the critical 
point of 374°C and 22.1 MPa), there are two 
competitive reactions: hydrolysis and repoly- 
merization [13,14]. The former is more impor- 
tant and dominant at the early stages of the 
process, when the microalgae is decomposed 
and depolymerized into small compounds. 
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These are highly reactive, and rapidly poly- 
merize and form liquid bio-crude, gaseous, 
and solid products [15—17]. At higher reaction 
temperatures and longer reaction times, repo- 
lymerization, condensation, and decomposi- 
tion of substances from different phases may 
occur. This results in an increase of the solid 
and gas yields and reduction of the bio-crude 
yield [18—20]. Dehydration reactions, leading 
to oxygen content reduction, also play a key 
role in improving the quality of the bio-crude. 


9.3 HYDROTHERMAL 
LIQUEFACTION OF MICROALGAE 


Bio-crude yields and properties are depen- 
dent on the algal species and its composition. 
However, operational parameters, such as 
reaction temperature, heating rate, retention 
time, the initial biomass loading, and the pres- 
ence of catalysts also have a significant effect 
on yields [14]. A wide range of operating con- 
ditions have been explored, with liquefaction 
typically carried out in high pressure batch 
reactors. Oil yields are generally calculated as 
a weight percentage of the feedstock weight, 
using either the dry (d) or the dry ash-free 
(daf) weight as a basis. 


FIGURE 9.2 Hydrothermal liquefaction 
phase diagram [11]. 
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9.3.1 Effect of Biomass Composition on 


Bio-Crude Oil Production 


It has been previously shown that bio-crude 
yields from HTL of microalgae can be strongly 
correlated to the biomass composition. The lipid 
fraction of the biomass is much more readily 
converted into bio-crude than other biomass 
components, with a study by Biller and Ross 
reporting that conversion efficiencies of different 
algal components to bio-crude oil were in the 
order lipids > proteins > carbohydrates [15]. 
This explains the particularly high yields 
obtained from lipid-rich microalgae. However, 
as HTL utilizes all biomass components, a high 
lipid content is not essential for obtaining good 
bio-crude yields, in contrast to algal biodiesel, 
which relies entirely on lipids. This effect has 
been demonstrated by Yu et al., who reported a 
yield of 39.0% bio-crude oil from an algae strain 
containing only 0.1% lipids [21]. Utilizing the 
entire algal biomass for processing lifts the con- 
straints on high-lipid algal strain selection, and 
can significantly reduce cost and energy require- 
ments of cultivation by using faster-growing 
strains or algal communities. 

Although the specifics of the effects of bio- 
mass composition remain unclear, a number of 
studies have examined the role of the different 
component fractions (eg, lipids, proteins, and 
carbohydrates) in bio-crude production via 
HTL. Most liquefaction processes under opti- 
mized conditions have resulted in bio-crude 
yields around 30—45% [15,22—25], regardless of 
algae strain [12], although, notably, Li et al. 
obtained yields of 55% for Nannochloropsis sp. 
under HTL at 260°C for 60 min and at 25% algal 
loading, and 83% for Chlorella sp. (220°C, 
90 min, 25% algal load) [26]. The two algal spe- 
cies have very different compositions 
(Nannochloropsis contains protein, lipids, and 
carbohydrates in an approximate ratio of 
52:14:22, whereas the same components in 
Chlorella have a ratio of 9:60:13), but in both 
cases, bio-crude yield was enhanced with 
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respect to initial lipid content, further reinfor- 
cing the advantages of hydrothermal processing 
over lipid extraction for algal biodiesel [22]. 

Higher heating values (HHV) of 25—35 MJ/kg 
are typical for bio-crude, and higher lipid levels 
in the biomass appear to correspond to higher 
HHV, although the two properties are not line- 
arly related. Li et al. found, under optimal con- 
ditions, Nannochloropsis and Chlorella bio-crude 
HHVs were 31.5 and 34.2 MJ/kg, respectively, 
with a maximum HHV of 37 MJ/kg. Although 
this constitutes a significant increase with 
respect to the starting biomass (22.4 and 
32.3 MJ/kg initially), it still falls short of the 
energy content of mineral crude (41—48 MJ/kg) 
[27]. Interestingly, higher bio-crude yields do 
not necessarily correspond to better oil proper- 
ties; Nannochloropsis processed at 350°C yielded 
34% oil with an HHV of 38.1 MJ/kg, while 46% 
oil was obtained at a processing temperature of 
310°C, with a much lower HHV of 27.7 MJ/kg 
[25] (Table 9.1). 

The numerous simultaneous reactions occur- 
ring under HTL conditions lead to a bio-crude 
containing a diverse range of chemical com- 
pounds, the main constituents of which have 
been found to be C5—C16 cyclic nitrogen com- 
pounds, C15—C33 branched and unbranched 
hydrocarbons, branched oxygenates, aromatic 
compounds, and heterocycles [26]. Brown et al. 
carried out a detailed analysis of bio-crude pro- 
duced by liquefaction of Nannochloropsis sp. 
Over 90 compounds were detected using 
GC-MS, although some lighter organics are 
likely to have been lost during sample extrac- 
tion, and heavier compounds may not have 
been detected by GC. A brief overview of the 
major compounds is presented in Table 9.2. 

Elevated heteroatom (O and N) content with 
respect to mineral crude oil is typical of bio- 
crude oils [9,10,29]. Higher O and N levels give 
rise to undesirable fuel properties, such as high 
acidity and viscosity [24], and the increased 
diversity of chemical composition can nega- 
tively affect combustion performance, storage 
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TABLE 9.1 Comparison of Documented Bio-Crude Yields, Compositions, and Energy Values 


Feedstock Processing Conditions 

Spirulina Biomass only 

Spirulina 300°C, 10—12 min, 20% TS, DCM 
extraction 

Chlorella 350°C, 60 min, 10% TS 


Nannochloropsis 350°C, 60 min, 10% TS 


Spirulina 350°C, 60 min, 10% TS 
Spirulina 220°C, 20 bar, 30 min, 25% TS 
Spirulina 310°C, 115 bar, 30 min, 25% TS 
Spirulina 350°C, 195 bar, 30 min, 25% TS 


TS, Total Solid Fraction. 


Oil Yield C H N O S 


(%) 


32.6 


35.8 
34.3 
29 
38 
38 
30 


(%) (%) (%) (%) (%) HHV References 
42.26 5.86 3.47 47.26 1.15 20.4 [25] 
68.9 8.9 6.5 14.9 0.86 33.2 [24] 


70.7 6.8 5.9 14.8 0.0 35.1 [23] 
68.1 8.8 41 190 00 345 [23] 
733 92 7 10.4 00 368 [15] 
59.15 5.50 10.47 18.19 1.22 28.7 [25] 
71.29 8.01 7.66 16.82 0.81 35.2 [25] 
70.69 8.05 7.22 10.06 0.77 343 [25] 


TABLE 9.2 List of Major Bio-Crude Components Detected by GC—MS [28] 


Major Compound 


Indole 


Methylindole 


1-Pentadecene 


Heptadecane 


Isomers of 2-phytene 


Myristic acid 


Phytane 


Structure 











(Continued) 
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TABLE 9.2 (Continued) 


Major Compound Structure 


Palmitoleic acid 


Palmitic acid 


Oleic acid 


Stearic acid 


Cholest-4-ene 


Cholest-5-ene 


Cholesta-3,5,-diene 





Cholesterol 





(Continued) 
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TABLE 9.2 (Continued) 


Major Compound 


Cholest-4-en-3-one 


Cholest-4,6-diene-3-one 


stability, and economic value [24,29]. The het- 
eroatom content of the bio-crude can generally 
be attributed to the high O and N content of the 
starting biomass, although there is not always a 
direct correlation: Chlorella biomass containing 
1.9% N was processed to bio-crude with a 0.3% 
N content, while Nannochloropsis (7.5% N ini- 
tially) resulted in a bio-crude with 5.4% N. 
Chlorella bio-crude was also found to have a 
higher O content (11.5% compared to 9.5% for 
Nannochloropsis), although the O content of the 
biomass was 21.8%, compared to 29.1% for 
Nannochloropsis [26]. 

Additionally, the elevated N content of bio- 
crude of up to 11%, arising from the proteins 
in the starting biomass (compared to around 
0.1, and seldom above 1%, for mineral crude) 
[30,31], limits its direct usability as a fuel, as it 
can lead to increased NOx emissions. 
Significantly, higher nitrogen levels may con- 
tribute to catalyst poisoning, making these bio- 
crude oils unsuitable for co-refining in existing 
refineries [12,31]. Hence, although bio-crude 
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Structure 





produced via HTL presents numerous advan- 
tages compared to lipid extraction, the product 
needs significant upgrading to obtain a 
suitable aviation fuel [24]. An alternative solu- 
tion posed by Garcia Alba et al. suggests that 
proteins could be extracted prior to HTL pro- 
cessing and sold as a high-value co-product in 
a biorefinery paradigm [13]. However, this 
clearly has implications for bio-crude volumes, 
particularly when low-lipid algae such as 
Spirulina are used. 


9.3.2 Effect of Microalgal Loading on 


Product Formation 


One of the key benefits of wet biomass pro- 
cessing in comparison to lignocellulosic bio- 
mass or dry processing is that microalgae 
forms a slurry with water, which can be easily 
pumped and flowed through the reactor. 
Particularly for continuous HTL operation, 
determination of the optimal loading of micro- 
algae in the slurry is crucial. 
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From the literature, many factors such as 
the scale of the reactor and economics need to 
be considered with the selection of the micro- 
algal load used in HTL. Hence, there is no 
clear connection between the microalgal load 
(total solid fraction, TS) in the feed and the 
bio-crude yield. Studies of HTL of algae per- 
formed over a large range of microalgal loads 
(ranging from 4% to 50%) have apparently 
yielded contradictory results [6]. For example, 
Jena et al. concluded that an increase of the 
biomass fraction in the feed by 10% resulted in 
a jump of more than 20% in the bio-crude 
yield [32], though the opposite findings were 
reported by Garcia Alba et al. [13]. 

The optimum ratio of microalgae and water 
in the feed is presumably dependent on species 
and reactor design. A high microalgal loading 
would be economically beneficial, due to reduc- 
tion of the water content of the feed, leading to a 
reduction in the energy required for heating the 
water, and a correspondingly higher volume 
efficiency and productivity of the HTL reactor 
[12]. However, there is expected to be an upper 
limit due to mass transfer limitations and the 
formation of blockages in continuous thermo- 
chemical conversion [33]. Continuous liquefac- 
tion studies have shown that while some 
practical operational issues of reactor blockage 
may occur at microalgal loads above 5 wt% in 
the feed [31], processing of microalgae slurries 
with microalgal loads of up to 35% (obtaining a 
bio-crude yield of up to 63.6%) are possible [34]. 
Another key consideration on the loading of 
microalgae is the cost of drying the original feed- 
stock, which plays a significant role in dictating 
the most suitable loading achievable. 


9.3.3 Effect of Holding Temperature on 
Microalgal Processing 


The holding temperature has a remarkable 
influence on the yield and properties of HTL 
products. In general, an initial rise in the 
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holding temperature triggers bio-crude pro- 
duction. After reaching a maximum value for 
the bio-crude yield, further increase in the 
holding temperature inhibits biomass 
liquefaction. 

The optimization of holding temperature 
varies depending on microalgal species; how- 
ever, in the majority of cases, compared to a 
bio-crude yield obtained at ca. 350°C, lower 
holding temperatures (~310—320°C) gener- 
ated higher bio-crude yields. This effect was 
observed by Dote et al. [35], and subsequently 
by Minowa et al. [36], who observed that 
yields of bio-crude oil from the liquefaction of 
Dunaliella tertiolecta increased from 30.9% to 
43.8% when increasing the holding tempera- 
ture from 250°C to 300°C, but dropped to 
42.6% when processing temperature was 
increased further to 340°C [36]. 

These findings are mirrored in the work of 
Gai et al. for each retention time examined, oil 
yields from Chlorella pyrenoidosa increased 
when holding temperature was increased from 
260°C to 280°C, and proceeded to decline 
when reaction temperatures were brought to 
320°C [37]. The authors suggested that with 
increasing temperatures, more secondary 
decomposition reactions may be triggered, 
resulting in the production of gases and char 
rather than oils. Regrettably, they were not 
able to satisfactorily confirm this using the gas 
yields obtained in their investigation, owing to 
the high experimental error. 

In addition, the holding temperature has a 
strong influence on the bio-crude properties: 
increasing the temperature results in a decline 
in oxygen content and consequently increases 
the HHV of the oil [36,38]. The nitrogen con- 
tent in turn appears to increase with holding 
temperature, likely due to the promotion of 
protein decomposition at high temperatures, 
although the opposite effect has been reported 
in other studies [21]. 

The length of time the reaction is held at 
temperature also has a significant effect on 


II. THE SCIENCE AND TECHNOLOGY OF DEVELOPING BIOFUELS FOR AVIATION 


9.3 HYDROTHERMAL LIQUEFACTION OF MICROALGAE 


product formation. It is expected that short 
retention times should be sufficient to degrade 
the biomass effectively, since hydrolysis and 
decomposition reactions are expected to be 
rapid under supercritical conditions [39]. 
However, there is still a relationship between 
holding temperature and holding time when 
bio-crude yield is considered. In many cases, 
to attain a high bio-crude yield, higher maxi- 
mum temperatures require shorter holding 
times. For example, Karagoz et al. determined 
that at low temperatures (150°C) long holding 
times favoured the conversion of sawdust to 
oil, with the opposite trend observed at higher 
temperatures (250—280°C) [40]. Yu et al. also 
found that while the overall conversion of bio- 
mass and gas yield increased at higher temper- 
ature [41], a 120-min hold time was needed at 
280°C to produce a bio-crude yield of 39.4%, 
whereas at 370°C, only 5 min was needed to 
attain a bio-crude yield of 49.4% [13]. 

While the holding time has an effect on the 
bio-crude yield, due to the influence of other 
operational parameters such as temperature, 
algae strain, and algal loading, it is difficult to 
quantify differences across all published studies 
[42]. There is no consensus on the optimum 
holding time for continuous operation in the lit- 
erature. However, as hold time has such a signif- 
icant effect on the oil yield and composition, this 
needs to be carefully optimized for continuous 
HTL reactions, requiring more detailed research 
and analysis of kinetic data in this area. 


9.3.4 Effect of Heating Rate on the 
Crude Bio-Oil 


While the effect of heating rate on the bio- 
crude yield is also dependent on the algal 
strain, maximum temperature, and algal load, 
it has recently been suggested that rapid heat- 
ing rates and shorter reaction times may result 
in comparable, if not better, bio-oil yields than 
slow temperature ramps with longer retention 


225 


times. For example, bio-crude yields of up to 
66% were obtained during the conversion of 
Nannochloropsis using a holding time of only 
one minute. This was achieved by placing 
batch reactors into a sand bath with a tempera- 
ture significantly above the required set-point 
temperature, enabling very fast heating rates 
[43]. This would support conversion by contin- 
uous HTL reaction. However, other studies 
report that while higher heating rates are bene- 
ficial for bulk fragmentation of biomass and 
inhibit char formation, they do not have a 
great effect on the bio-crude yield [42]. 


9.3.5 Effect of Catalysts on the HTL of 


Microalgae 


The effect of both homogeneous catalysts, 
such as organic acids and organic bases, and 
heterogeneous catalysts, such as metallic oxi- 
des, on the HTL of microalgae has been inves- 
tigated. Homogeneous organic catalysts are 
desirable since they are inexpensive, do not 
require separation prior to further upgrading, 
and reduce the degree of coking [44]. In many 
cases, HTL experiments have been conducted 
in the presence of inorganic salts such as 
sodium carbonate and other water-soluble spe- 
cies [15,44,45]. However, while these catalysts 
appear to selectively promote the decarboxyl- 
ation of carbohydrates, they have been found 
to have a detrimental effect on oil formation 
from lipids and proteins [15]. One study on 
the conversion of albumin suggests that the 
nitrogen partitioning to the oil may be reduced 
with the presence of sodium carbonate [35], 
but this observation has not been reported in 
other similar studies [44]. 

While homogeneous catalysts are difficult to 
recycle, heterogeneous catalysts allow post- 
HTL separation and high reaction selectivity. 
Liquefaction in the presence of heterogeneous 
metal catalysts has been reported to give 
increased liquefaction yields compared to 


II. THE SCIENCE AND TECHNOLOGY OF DEVELOPING BIOFUELS FOR AVIATION 


226 


catalyst-free conditions. Furthermore, the pres- 
ence of the catalyst had a significant influence 
on the physical properties (eg, the colour and 
apparent viscosity) of the product oils [45]. 
The highest oil yields (57%) were achieved 
with supported Pd catalysts; however, Ni- and 
Ru-based catalysts produced bio-crudes with 
the lowest N content [45]. Pt, Ni, and CoMo 
catalysts were also reported to enhance the 
degree of deoxygenation, but with reduced 
bio-crude yields [23]. 


9.3.6 Effect of Initial Pressure and 
Additional Reductive Gas 


For batch HTL operation, high pressure is 
required to ensure the water remains in the liq- 
uid phase, reduces the enthalpy of phase change 
of water, and improves the efficiency of the HTL 
process. Several investigations have introduced 
additional pressure by charging the reactor with 
a gas prior to reaction. For batch HTL operation, 
bio-crude yield was reportedly not affected by 
the initial pressure [41]. The gases most com- 
monly used are either inert gases (eg, nitrogen, 
argon) or reducing gases such as CO and H3. 
While reducing gases are added in order to 
reduce the oxygen content in the bio-crude, and 
stabilize the fragmented products of liquefaction, 
their hazardous nature, gas channelling, and mal- 
distribution need to be carefully considered dur- 
ing the operation [42]. These problems can be 
overcome by using hydrogen donor solvents, 
such as tetralin and tetrahydrophenanthrene [42], 
which have been found to be more favourable 
than the parent gases in the hydrogenation of 
biomass fragments. Hydrogen donors (eg, tetra- 
lin) were reported by Wang et al. to be more 
effective than H for increasing the bio-crude 
yield and reducing the level of oxygenates in the 
bio-crude, which typically corresponds to an 
increase in HHV and overall improvements in 
bio-crude quality [46]. 
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9.4 MACROALGAE AS A 
FEEDSTOCK: PROSPECTS AND 
CHALLENGES 


As an alternative to microalgae, seaweed 
(macroalgae) can be processed through HTL 
using a similar process to that described above 
for microalgal feedstocks [47]. While currently 
underdeveloped as a feedstock, macroalgae has 
enormous potential as a future feedstock for fuel 
production (see chapter: Feedstocks for Aviation 
Biofuels) [48]. Currently, the global consumption 
of seaweeds for fertilizers, cosmetics ingredients, 
foodstuffs, and phycocolloids is a multi-billion 
dollar industry [47]. The majority of macroalgae 
comes from a relatively small number of species 
with five genera, Laminaria (also called 
Saccharina for some species), Undaria, Porphyra, 
Eucheuma, and Gracilaria, representing 76% of the 
total tonnage of cultured macroalage [47]. 

Macroalgae tend to contain a high carbohy- 
drate content and represent a potential source of 
biomass for bioenergy and chemicals [49]. 
According to Anastasakis and Ross, wet biomass 
with an assumed moisture content of 80% 
requires 10.4 MJ to evaporate the water, equiva- 
lent to 87% of the total calorific value of the sea- 
weed (the HHV of the dry biomass of Laminaria 
saccharina was calculated to be 12 MJ/kg) [47]. 
Therefore, it has been suggested that only wet 
processes such as HTL will be energy efficient 
because of the high energy required to dry the 
algae [50]. Moreover, macroalgae from marine 
environments contain high alkali contents, which 
can generate issues such as slagging and fouling 
during combustion and potentially during pyrol- 
ysis as well [51]. 

In addition, macroalgae tend to contain 
higher carbohydrate and much lower lipid 
contents than microalgae, and, if from a 
marine origin, can also possess an ash content 
of up to 25%. This will substantially affect 
HTL reaction pathways; further research is 
needed in this area. 
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9.4 MACROALGAE AS A FEEDSTOCK: PROSPECTS AND CHALLENGES 


All studies to date have focused on batch 
systems [49], where macroalgal samples were 
harvested, treated by washing with fresh 
water, dried, and pulverized prior to the HTL 
stage [51]. Bio-crude yields up to 23% have 
been commonly reported from macroalgal 
HTL [19,50]. However, Bach et al. reported an 
oil yield of 79% from the HTL of L. saccharina 
at 350°C with a high heating rate (585°C per 
minutes) [52]. Neveux et al. found that HTL of 
Oedogonium spp. and Cladophora spp. (freshwa- 
ter macroalgae) gave bio-crude yields of 26% 
and 20%, respectively, on a dry mass basis — 
higher than marine macroalgae Derbesia spp., 
which only yielded 20%, though this generated 
less solid residue than the freshwater macroal- 
gae species [53]. 

Jin et al. carried out co-liquefaction experi- 
ments of microalgae (Spirulina platensis) and 
macroalgae (Entermorpha prolifera) at 340°C, 
and discovered optimal synergistic conversion 
effects for a 50/50 mixture of the two algae. 
While the fatty acid content of Spirulina 
strongly improved the conversion of 
Entermorpha, inorganic salts present in the lat- 
ter feed did not considerably enhance bio-oil 
production [54]. In general, a greater amount 
of energy was recovered in the bio-crude pro- 
duced, though it contained more nitrogen than 
the separately produced micro- and macroal- 
gae bio-oils. 

Macroalgal biomass has high potential for 
biofuel production, although there are still sig- 
nificant technological challenges to be over- 
come. These challenges include cost-effective 
cultivation and economic harvesting, and more 
efficient preprocessing of the feedstock. In 
addition to cleaning, dewatering, and milling 
steps [55], marine biomass requires desalina- 
tion in order to prevent equipment corrosion, 
which can carry a particularly heavy environ- 
mental and energetic cost [56]. Additional 
challenges include developing a continuous 
HTL reaction system that can readily tolerate 
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high ash content, and designing a biorefinery 
concept where the supply of aquatic biomass 
is substantial and secure, and where the aque- 
ous phase can be used as an effective fertilizer. 
Lenstra et al. reasoned that as the current near- 
shore cultivation, harvest, and preprocessing 
costs for macroalgae range between €336 and 
€669 per tonne, substantial technological 
development is needed if a sustainable biofuel 
is to be produced from this feedstock [50,57]. 
Moreover, the seasonal nature of seaweed 
growth and culture must be considered for 
commercial-scale biofuel production, and the 
technologies of storage or preservation of 
macroalgae after harvesting need to be devel- 
oped to enable year-round fuel production. 

Similarly to microalgae, the batch experi- 
ments only give limited insights into a fully 
functioning industrial continuous process. 
Advancement and commercialization of HTL 
processing of macroalgae require the use of a 
continuous process with incorporated heat 
recovery, increasing the energy efficiency and 
allowing for high throughput. Particular engi- 
neering challenges on the processing side 
include the high salt content of macroalgae 
and the associated corrosion risk. 

The cultivation of macroalgae as a sole bio- 
fuel feedstock may not be currently profit- 
able [47]. However, macroalgae contains a 
diverse range of extractable biochemicals, 
which could potentially be used to add value 
to macroalgal fuels in a biorefinery paradigm. 
The vast majority of farmed macroalgae is cur- 
rently utilized for human consumption 
(accounting for 83—90% of the global seaweed 
industry [55]), but other macroalgae-derived 
materials also have a significant market value. 
In particular, seaweed hydrocolloids (predomi- 
nantly comprising agar, alginate, and carra- 
geenan) account for a significant portion of the 
remaining value (estimated around $545 mil- 
lion annually) [58,59]. Other macroalgae deri- 
vatives are also utilized in the agricultural, 
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chemical, and pharmaceutical industries [60]. 
Lammens et al. have also evaluated the poten- 
tial of algal proteins as a source of high-value 
bio-based chemicals, such as N-methylpyrroli- 
dinone, N-vinylpyrrolidinone, and acrylonitrile 
[61]. Overall, there is significant scope for 
extraction of higher-value materials from 
macroalgae prior to conversion to fuels, and 
the application of a biorefinery concept could 
increase the value of the seaweed biomass and 
improve the economics of production of bioe- 
nergy from macroalgae, thereby leading to a 
more rapid commercial realization of algal- 
derived biofuels. 


9.5 CHARACTERISTICS OF BIO- 
CRUDE OIL FROM 
HYDROTHERMAL LIQUEFACTION 
OF ALGAE 


The bio-crude oil produced by the HTL of 
microalgae requires significant upgrading 
before it can enter the conventional fuel stream 
and be used to produce aviation kerosene. The 
high levels of nitrogen (typically between 4% 
and 8%) and sulphur (up to 1%), in particular, 
must be almost completely removed if the 
resulting fuels are to comply with emission 
standards. The crude bio-oils from HTL of 
algae can be blended with fossil oil and 
upgraded to conventional kerosene and other 
hydrocarbon fuels in a conventional refinery. 
While it is true that these facilities are capable 
of processing oils with high levels of sulphur, 
common industrial catalysts are not able to tol- 
erate the high levels of oxygen and nitrogen 
seen in the bio-oils. Therefore, at least partial 
upgrading of the oils is required to reduce the 
oxygen and nitrogen concentrations to a level 
comparable to fossil crude oil before they can 
be sent to a refinery for fractionation. 

Detailed chemical analysis of the oils is dif- 
ficult, as they can contain up to several hun- 
dred compounds, including phenols, alkanes, 
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alkenes, fatty acids, ketones, aldehydes, 
nitriles, amides, and nitrogen heterocycles 
such as indoles and pyridines [62,63]. In addi- 
tion, due to the high boiling point range of the 
oils, most reports have only achieved partial 
characterization [6,64]. Elemental analysis is 
therefore one of the most reliable methods to 
achieve a like-for-like comparison of different 
crude oils and of the performance of different 
upgrading studies. 


9.5.1 Upgrading of Bio-Crude Oil 
Produced by the HTL of Microalgae 


Only a few studies have investigated the 
upgrading of HTL oils from microalgae 
(Table 9.3), with the majority of these studies 
conducted in batch and achieving only partial 
nitrogen removal. While the choice of catalyst 
was found to impact the physical properties of 
the reaction products, it had little impact on 
the denitrogenation performance itself [66]. 
Instead, the degree of denitrogenation appears 
to be mainly dependent on the reaction tem- 
perature, which suggests that these reactions 
are thermally controlled [66]. Unfortunately, 
the high temperatures also result in a signifi- 
cant reduction in the hydrogen content of the 
oils, presumably due to an increase in the aro- 
matic content of the reduction product above 
desirable levels. Potentially, the poor perfor- 
mance of the selected catalysts under these 
conditions could lead to insufficient hydrogen 
being provided for complete hydrogenation. It 
has also been suggested that the accumulation 
of ammonia may be limiting the complete 
reduction of nitrogen compounds [69]. 
Nonetheless, more recent studies have demon- 
strated the full catalytic upgrading of bio- 
crude directly to suitable hydrocarbon fuels. 
Research has focused on both in situ heteroge- 
neous catalysis and hydrotreatment of the bio- 
crude after separation [70]. Duan and Savage 
reported on the use of a 5% Pd/C catalyst for 
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TABLE 9.3 Summary of Bio-Crude Upgrading Studies Conducted to Date 


Feedstock 
(Microalgae) 


Bio-crude from 
HTL of 

Nannochloropsis 
at 350°C for 1h 


Bio-crude from 
HTL of 

Nannochloropsis 
at 340°C for 4h 


Bio-crude from 
HTL of 

Nannochloropsis 
at 320°C for 4h 


Bio-crude from 
HTL of 
Chlorella sp. at 
350°C for 1h 


Bio-crude from 
HTL of 
Desmodesmus 
sp. at 
200—375°C for 
5—60 min 


Bio-crudes 
from HTL of 
Nannochloropsis 
sp. at 
344—362°C, in 
continuous 
reactor 


Bio-Crude Quality (wt%) 


N S O 

5.32 0.56 8.35 
4.80 0.48 8.07 
4.89 0.68 6.52 
7.3 Nd 7.8 
0.2—6.3 Nd 10—39 


4.0—4.7 0.3—0.5 5.3—8.0 


Catalyst 


HZSM-5 
(0—50 wt% 
loading) 


Pt/C, MoC, 
HZSM-5 
(5—20 wt%) 


Pt/C (25 wt 
%), HCI, 
NaOH 


Pt/>-Al,03 
(0—40 wt%) 
HCOOH 

(0—88 wt%) 


HZSM-5 
(SiO, / 

AlO; = 280), 
zeolite: 
sample mass 
ratio of 20:1 


Co-promoted 
MoS, on 
fluorinated 
alumina 
support 


Reaction 
Temperature 


400—500°C 


430—530°C 


400°C 


400°C 


600°C 


125—170°C 
(1st quarter 
of reactor); 
405°C (Main 
reactor) 


Pressure 


4.35 MPa 
(hydrogen) 


3.5 MPa 
(hydrogen) 


3.4 MPa 
(hydrogen) 


6 MPa 
(hydrogen) 


13.6 MPa 
in 
hydrogen 
flow 


Reaction Mode 


Batch 


Batch in 
supercritical 
water (water /oil 


mass ratio of 4:5) 


Batch in 
supercritical 
water (water /oil 


mass ratio of 1:1) 


Batch in 
supercritical 
water 

(0—43 wt%) 


Pyrolysis probe 
(heating rate: 
20°C per second, 
pyrolysis time: 
10 s) 


Bench-scale 
hydroprocessing 
system 


Reaction 
Time 


0.5—4 h 


2—6 h 


4h 


1h 


LHSV of 
0.14—0.20 h`! 


Product Quality (wt%) 


1.6—2.71 


1.50—3.61 


2.17—2.79 


2.4—5.8 


0.02—0.14 


<0.05—0.16 


S O 

Bdl 0.39—2.81 
Bdl 0.13—5.31 
Bdl 4.31—4.71 
N/A 4.7—17.9 
N/A 0.08—0.30 
<50 ppm 0.8—1.2 


References 


[65] 


[66] 


[67] 


[8] 


[68] 


[34] 


Comments 


‘Temperature 
has biggest 
impact on oil 
properties 


With formic 
acid, reacted 
with the crude 
algal oil 
resulting in 
increased yield 


Elemental 
calculated 
from structure 
of compounds 
identified 

by GC 
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hydrotreatment of algal bio-crude oil, finding 
that the bio-crude HHV from Nannochloropsis 
was significantly improved from approxi- 
mately 37 MJ/kg to 44MyJ/kg, with corre- 
sponding improvements in the kinematic 
viscosity, and significant reductions in N, O, 
and S content. However, these results were 
achieved over long retention times of up to 4h 
and 80 wt% catalyst loadings, and the yield 
was substantially decreased [71]. Other studies 
have centred around supported Pd catalysts, 
though more recently, Li and Savage reported 
the upgrading of algal crude oil produced by 
HTL using HZSM-5, generating a paraffin-like 
oil composed of >95 wt% C and H, which 
retained 80% of the energy content of the ini- 
tial bio-crude and was suitable for use as a liq- 
uid fuel [65]. 

A number of studies have attempted to 
upgrade crude bio-oils produced by the lique- 
faction of Nannochloropsis sp. [66,67] or 
Chlorella sp. [8] in the presence of supercritical 
water. It was hoped that the reaction of water 
with hydrocarbons would generate additional 
hydrogen which, in turn, would promote the 
removal of heteroatoms from the bio-crude. 
However, while the presence of water did not 
appear to have a beneficial effect on the deni- 
trogenation performance, it was found to 
increase the oxygen content of the reaction 
product [8]. The best results in the presence of 
supercritical water were obtained over Pt/C 
catalyst at 530°C with a reaction time of 6h, 
with almost complete sulphur removal and a 
reduction in nitrogen content from 4.0% to 
1.5% [66]. In contrast, upgrading of a liquefac- 
tion oil obtained from Nannochloropsis in the 
absence of water over an HZSM-5 catalyst, at 
500°C, and with a reaction time of 4 h, resulted 
in a reduction in the nitrogen content from 
5.3% to 1.6% [65]. 

Alternatively, Roussis et al. performed 
experiments to thermally treat HTL bio-crude 
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oil over a temperature range of 350—450°C, 
with a residence time of 60 min [72]. While the 
total nitrogen content was not affected by the 
thermal treatment, the total oxygen content 
was significantly reduced from 5.7% in the 
bio-crude to 0.2% in the product oil treated at 
400°C. Thermal treatment was also found to 
reduce the total acid content, as well as the 
boiling point range of the bio-crude oils, mak- 
ing them more volatile and less viscous. In 
addition, trace metals were partly removed 
from the bio-crude. Similar findings were also 
reported by Bai et al., who used a two-step 
process to hydrothermally treat the bio-crude 
oil [73]. 

These findings demonstrate that it is possi- 
ble to process the HTL bio-crude in a similar 
way to heavy crude oil, continuously treating 
in a number of subsequent processes, includ- 
ing thermal treatment, hydrotreatment, and 
hydrocracking, to make fractions suitable for 
further processing towards production of dif- 
ferent commercial products, such as gasoline, 
diesel, and jet fuel. 

In a similar effort, promising results were 
achieved during the continuous hydrotreating 
of bio-oils produced by the HTL of various 
strains of Nannochloropsis over sulphided 
CoMo catalyst supported on fluorinated alu- 
mina [34]. Single-stage upgrading at 405°C 
with a space velocity of 0.20h ° and a pres- 
sure of 14 MPa in excess hydrogen produced 
oils with a nitrogen content ranging from 
0.07 wt% to 0.25 wt%. An even lower nitrogen 
content could be achieved by pretreating the 
oil at temperatures between 125°C and 170°C 
in the first quarter of the reactor, before con- 
version at 405°C. While this study demon- 
strated that almost complete denitrogenation 
of microalgal crude oils can be achieved under 
continuous conditions, further studies are 
required to verify these findings and optimize 
the reaction conditions. 


II. THE SCIENCE AND TECHNOLOGY OF DEVELOPING BIOFUELS FOR AVIATION 


9.6 CONTINUOUS HTL SYSTEMS AND CHALLENGES IN ADVANCING THE TECHNOLOGY 


9.6 CONTINUOUS HTL SYSTEMS 
AND CHALLENGES IN 
ADVANCING THE TECHNOLOGY 


The vast majority of the work to date has 
focused on batch systems for hydrothermal 
processing, which, while providing a wealth of 
information regarding optimal system condi- 
tions and chemical mechanisms, is of limited 
use in developing processing systems to 
deliver sufficient volumes of algal bio-crude 
for widespread use as an aviation fuel feed- 
stock. Moreover, the use in most cases of small 
batch reactors has necessitated use of solvents 
for the recovery of the bio-crude oil product, 
leading to complications in determination of 
the oil yield and distortion of the composi- 
tional analysis and properties by the partition- 
ing of solvent-extractable and water-soluble 
components. 

While feeding wet biomass slurry at pres- 
sure is highly challenging, in order to advance 
HTL technology, it is necessary to move to 
continuous bench/pilot-scale HTL reaction 
systems. This would help to avoid the exces- 
sively long warm-up and cool-down periods 
that are problematic with batch reactors. In 
addition, heat exchange/recycling can be inte- 
erated into continuous systems, making the 
process simultaneously more economically fea- 
sible and more controllable. To date, only a 
small number of studies have examined the 
continuous HTL of biomass [31,34,74], with the 
majority of these systems not yet approaching 
a demonstration scale of operation. 

Ocfemia et al. developed a small-scale con- 
tinuous HTL reactor system, including a high- 
pressure slurry feeder, a process gas (eg, CO) 
feeder, a continuous stirred tank reactor 
(CSTR), and a vapour-liquid separation vessel, 
to process swine manure [74]. A CSTR was 
selected over a plug-flow reactor for ease of 
handling, to reduce plugging, and to allow 
good temperature control throughout the 
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reaction vessel. At a processing temperature of 
305°C and a residence time of 80 min, bio- 
crude oil was produced with an HHV of 
31 MJ/kg and bio-crude yields ranging from 
60% to 70.4%. The reactor was successfully 
operated for 16 h continuously with a capacity 
of up to 48 kg of manure slurry (eg, a solid 
content of 20%). Although no clogging or accu- 
mulation was observed using the CSTR, a 
pump durability issue was encountered after 
several experiments due to rapid wearing of 
the piston and sleeve. 

Jazrawi et al. described a continuous system 
for biomass processing to bio-crude using 
Chlorella and Spirulina at relatively low algal 
loading (1—10%) [31]. The design of the HTL 
reactor differed from conventional continuous 
reactors in that the slurry was not stirred and 
the reactants were flowed through coiled stain- 
less steel tubes submerged in a fluidized sand 
bath. Due to the low biomass loading of some 
samples, quantitative gravity separation of the 
bio-crude from the aqueous phase was chal- 
lenging, and was achieved instead using DCM 
extraction of the oil phase from the reaction 
mixture. The group struggled to operate using 
algal loadings >10%, but nonetheless obtained 
maximum yields of 41.7% from Chlorella pro- 
cessed at 350°C, comparable to yields obtained 
under batch conditions. They also found that 
more severe operating conditions resulted in a 
decrease in bio-crude O content and a lower- 
molecular-weight bio-crude. Jazrawi et al. also 
encountered problems with pumping wet bio- 
mass slurry at high pressure [31]. However, 
they argued that it is more difficult to control 
the pressure in a smaller slurry system to 
maintain stable flows, as lower flow rates are 
accompanied by an increased risk of flow dis- 
ruption and blockage due to greater incidence 
of particles damaging the valve seals of smal- 
ler pumps. The authors believed that this prob- 
lem could be reduced if the HTL process were 
to be implemented at larger scale. 
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Elliott et al. developed a bench-scale contin- 
uous system for HTL of algal biomass in 2013 
[34]. The system included the combination of a 
CSTR and a plug-flow reactor, with integrated 
modules for catalytic upgrading and sulphur 
stripping. This more complex hybrid HTL 
reactor configuration was developed as a 
direct result of plugging problems experienced 
previously with a plug-flow reactor system. 
The solids and bio-crude product were sepa- 
rated without the use of solvents through the 
use of an in-line filtration unit. The group was 
able to operate at far higher loadings than 
Jazrawi et al. (up to 35%), obtaining maximum 
bio-crude yields of 63.6% using a specially cul- 
tured Nannochloropsis strain. The group pre- 
sented a proposal for a biorefinery, with water 
and nutrients in the post-HTL water recycled 
into the algal growth stage, although the 
model did not explore the potential of using 
the CO,-rich gaseous phase as the CO, source 
to supplement algal cultivation [34]. 


9.7 PROCESS INTEGRATION FOR 
AN ADVANCED BIOREFINERY 


Despite the many potential benefits of algal 
biofuel technology, for costs and sustainability 
benefits to be optimized, secondary value 
streams must be considered. Conventional 
crude oil refineries generate a wide range of 
products, including paraffin, lubricants, gases, 
sulphuric acid, petrochemicals, and feedstocks 
for plastic manufacture, alongside fuels. 
Similarly, algal fuel production has the poten- 
tial to co-produce high-value chemicals, such 
as proteins, vitamins, and trace minerals in 
addition to liquid fuels [5]. However, few 
industries have the economic capacity to 
accommodate high volumes of co-products. 
The only industries on a similar scale to fuels 
are mining, agriculture, plastics, and environ- 
mental remediation. 
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9.7.1 Algae Cultivation and Waste 
Water Treatment 


Significant value could be added by com- 
bining the microalgal production process with 
a secondary objective, such as waste water 
treatment, the recovery of metals from mining 
waste, or carbon sequestration from power 
plant effluents. Waste water treatment in par- 
ticular could provide substantial quantities of 
algal biomass, without requiring the addition 
of costly nutrients. The environmental remedi- 
ation industry has vastly expanded in recent 
years, with the remediation market in the 
United States alone generating an estimated 
$12.8 billion in 2010, of which waste water 
treatment represented just under 50% [75]. 
Wastewater treatment via algal remediation 
lends itself well to synergistic combination 
with biomass production, and numerous 
investigations into the cultivation of algae on 
industrial, municipal, and agricultural waste 
waters have already been carried out [76,77]. 

Global municipal waste water production 
amounts to approximately 300 billion m*, of 
which just over 50% is currently treated [78]. 
Assuming an average biomass yield of 1 g/L, 
and a liquefaction yield of 30%, complete con- 
version of the existing waste water treatment 
facilities could result in an annual bio-crude 
production of up to 90 billion L. 

In addition, waste water treatment using 
microalgae has been proven to be highly effec- 
tive in reducing the concentration of N and P 
pollutants, which are used as nutrients, in the 
effluent [79]. Compared to conventional meth- 
ods such as chemical precipitation or the pro- 
duction of an activated sludge, forming waste 
products which are often disposed of by land- 
fill, microalgal treatment provides a much 
more sustainable route as it allows the efficient 
recycling of these nutrients [77]. 

Metal recovery from mining waste could be 
another lucrative secondary function of micro- 
algae cultivation. A number of studies have 
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explored the concept of algal remediation, and 
although most studies to date have employed 
microalgae only as a nonliving adsorbent, 
remarkable metal concentrations were 
observed in the recovered biomass, which 
could potentially be retrieved from the lique- 
faction residue. For example, one gram of bio- 
mass produced from Oedogonium sp. adsorbed 
up to 145 mg of Pb(II) when exposed to a lead 
solution containing a metal concentration of 
200 mg/L for 90 min, corresponding to a lead 
recovery of 35% [80]. Chromium absorption by 
a strain of the filamentous algae Spirogyra was 
somewhat lower, at only 14.7 mg/g, however 
the initial concentration of chromium in the 
treated solution was also substantially 
depleted, with a reduction of 5 mg/L observed 
[81]. More recent studies have also looked at 
the direct cultivation of algae on industrial 
waste water, with acid mine drainage repre- 
senting another large-scale source of water pol- 
lution in need of continuous remediation [82]. 
The diatom Planothidium lanceolatum, for exam- 
ple, could be grown at respective Cd, Zn, and 
Cu concentrations of 0.1, 0.2, and 0.4mg/L, 
without significant effects on photosynthesis 
[83]. Metal toxicity is a clear challenge, how- 
ever, and must be addressed before living 
microalgae can be used for mining waste treat- 
ment [84]. 


9.7.2 The Biorefinery Concept and 
Nutrient Recovery 


Within the biorefinery paradigm it is neces- 
sary to consider upstream sustainability fac- 
tors, as well as final product quality. Despite 
the advantages conferred by HTL, cultivation 
of algal biomass is still a relatively energy- 
intensive process and requires high inputs of 
water, nutrients and CO, [85]. The HTL para- 
digm goes some way to solving those issues, 
though the process must be optimized to ren- 
der the process economically feasible. As well 
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as optimizing bio-crude yields, it is also vital 
to maximize the carbon efficiency, retain effi- 
cient water and nutrient recycling, and ensure 
an inexpensive source of CO». These issues can 
be at least partially addressed by encompass- 
ing nutrient recycling from the aqueous phase, 
as well as augmenting algal growth using the 
CO, from gaseous products [13,32,86]. This 
nutrient-cycling concept has been discussed in 
recent literature, and has been described as 
‘Environment-Enhancing Energy’ or E- 
Energy/E2E by Zhou et al. at the University of 
Ilinois [87—89]. 

A reliable, low-cost water supply is critical 
to the success of biofuel production from 
microalgae to fulfil both economic and sustain- 
ability criteria [90]. Recirculating water is an 
obvious route to reducing overall water con- 
sumption. For nonthermochemical methods, 
this comes with a higher risk of infection and 
growth inhibition by bacteria, fungi, and 
viruses found in recycled water directly after 
biomass extraction. HTL confers the additional 
advantage of destroying biotic toxins (bacteria, 
viruses, and even prion proteins) in the bio- 
crude and aqueous phase [10], although non- 
living and inorganic growth inhibitors remain. 

The HTL route also concentrates trace min- 
eral matter and nutrients, such as nitrogen, 
phosphorus, and potassium, as well as Fe, Ca, 
Mg, and polar organics in the aqueous phase 
[12,38,86]. This could present a route for simul- 
taneous nutrient recycling and remediation of 
waste water from a synergistic process, which 
could not be discharged without further 
treatment. 

Recovering phosphorus is crucial for con- 
tinuing global agriculture; as well as being a 
dwindling resource in itself, phosphorus is 
extracted using fossil fuels, therefore peak oil 
and peak phosphorus may be intrinsically 
connected [91]. Apart from the impact on 
mineral resources, the vast quantities of 
nutrients needed for cultivation can severely 
affect the energy balance owing to the 
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energy-intensive production [92]. As a result, 
nutrient provision for algal cultivation is a 
key sustainability concern [93], and nutrient 
recovery is a crucial step in making third- 
generation biofuel production viable [94]. 

In hydrothermal processing, high protein 
levels in the feedstock can lead to accumula- 
tion of light organics in the aqueous phase 
[26] (up to 50% of biomass carbon has been 
found to accumulate in process water) [86], 
leading to reduced bio-crude yields and 
poor carbon efficiency. Although this may 
be detrimental in some ways (in addition to 
carbon losses from the bio-crude, it has been 
noted that phenols present in the aqueous 
process water may inhibit algal growth) 
[95], some studies have found that elevated 
levels of total organic carbon (TOC) in algal 
growth media may actually supplement 
algal mixotrophic growth, leading to higher 
biomass yields [96]. 

Consequently, reusing HTL process water 
for algal growth may also improve carbon effi- 
ciency, with nutrient recovery from the aque- 
ous phase simultaneously being used to treat 
process waste water, before release into water- 
ways. Biller et al. carried out a comprehensive 
study in 2012 examining the impact on nutri- 
ent recycling potential. Studies on HTL of 
Chlorella vulgaris, Scenedesmus dimorphus, and 
Spirulina platensis found significantly higher 
nutrient levels in HTL process water than in 
standard growth media, 3N-BBM +V 
(Table 9.4) [86]. 

The high levels of ammonium, phosphate, 
nitrates, and potassium ions are promising for 
potential nutrient recovery. However, elevated 
phenol levels could be problematic due to their 
inhibitory effects on algal growth [86], even at 
moderate concentrations (100—200 ppm) [97]. 
Additionally, high protein content in the start- 
ing biomass corresponds to elevated levels of 
nitrogen heterocycles (eg, pyrolidinones, piper- 
idines, pyrroles, indoles) [15,23], thought to be 
produced via the Maillard reaction between 
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TABLE 9.4 Nutrient Content of HTL Process Water 
(Spirulina, 300°C) Compared to Standard Growth Media 
3N-BBM + V [86] 


HTL Process Water 3N-BBM + V 

Nutrient Conc./ppm Conc./ppm 
TOC 15123 — 

Total N 8136 124 

NH; 6295 - 

PO? 2159 135 

K 1506 63 

Acetate 7131 — 

NO, 194 547 

Phenols 98 — 


amino acids and glucose/fructose [37]. This 
could, however, be beneficial if certain strains 
of algae are capable of utilizing organics in 
mixotrophic growth. 

Several groups have already reported suc- 
cessful algal cultivation using HTL process 
water [32,84,86,89,98]. Jena et al. found that 
dilution was necessary to bring nutrient 
levels down to levels comparable to those in 
commercial growth media, but found that a 
10-fold dilution was still too strong for algal 
growth to occur [32]. Consequently, Biller 
et al. performed tests using process water 
from the HTL of Spirulina at 300°C, diluted 
by a factor of 50, 100, and 400, for the culti- 
vation of Spirulina, with algal growth mea- 
sured using chlorophyll absorbance. The 
finding that no growth occurred at either 
50x or 100x dilution (although at this 
point, nutrient levels are brought down sig- 
nificantly below typical concentrations 
encountered in growth media) suggests that 
the concentrations of phenols, fatty acids, 
and metals such as Ni were still above 
inhibitory levels. Finally, a 400X dilution 
was found to be effective, with Spirulina 
exhibiting very similar growth rates in 
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diluted process water and 3N-BBM +V [86]. 
Notably, no growth was seen in pure dis- 
tilled water, confirming the role of the pro- 
cess water as a nutrient source. For the 
algae Chlorogloeopsis, however, appreciable 
erowth was seen at dilutions as low as 
100 x, while the cell counts at 400 X dilu- 
tion were actually increased by a third com- 
pared to those seen for standard growth 
media, suggesting that the organic carbon 
could supplement mixotrophic growth in 
this case. Growth does not seem to be inhib- 
ited by low concentrations of POJ (for 
Chlorogloeopsis at 200 x dilution). The study 
demonstrates the potential of HTL process 
water to be used as a growth medium, 
although the optimum dilution was different 
for each strain. Additionally, Pham et al. 
demonstrated that recycling into algal culti- 
vation systems, coupled with granular acti- 
vated carbon treatment, was an effective 
means of removing organic toxins and sig- 
nificantly reducing HTL waste water cytotox- 
icity for environmental release [98]. Another 
recent investigation has demonstrated that 
HTL process water from liquefaction of 
Spirulina at 350°C is capable of supplement- 
ing growth of a strain of algae cultivated in 
acid mine drainage. The algae demonstrated 
appreciable growth over 15 days, and was 
able to utilize 75% of the phosphate pro- 
vided by the HTL process water (1:100 dilu- 
tion in synthetic acid mine drainage) [84]. 
These results suggest that there is signifi- 
cant potential to vastly reduce the amount of 
additional nutrients required for algal growth 
by using recycled HTL process water as a 
growth supplement. If the algal strain at the 
site is found to exhibit mixotrophic growth, 
water-soluble organics in the HTL aqueous 
phase could be incorporated (improving car- 
bon efficiency and _ biomass yields). 
Alternatively, water-soluble organics could be 
extracted prior to process water recirculation 
and sold as high-value commodity chemicals. 
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9.8 CONCLUSIONS AND FUTURE 
DIRECTION 


It is unlikely that the HTL of algae will give 
an aviation fuel alone, but it could produce a 
hydrocarbon-rich feedstock for upgrading into 
the standard fuel streams. This has the advan- 
tage of producing a bio-Jet A-1 drop-in 
replacement, rather than a fuel limited by 
blend level. Both seaweed and microalgae 
have potential as feedstocks to sufficiently sup- 
ply the market, though currently both types of 
resources have specific issues that must be 
solved to produce an economic feedstock. 
There is huge potential for the commercializa- 
tion of the HTL technology, where algae can 
be used as a feedstock. However, to advance 
the technical maturity of HTL, there are still a 
number of challenges that need to be 
addressed. Potential solutions could include 
reducing the risk of large-scale pumpability, 
reducing capital cost by moving away from a 
CSTR configuration to a scalable plug-flow 
reactor configuration, selection of more appro- 
priate materials of construction for process 
design, upgrading bio-crude oil, and recycling 
of nutrients from the recovered by-products (P 
in the solids and N, K, and C in the aqueous 
phase) for process cost savings and improved 
sustainability. 
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10.1 INTRODUCTION 


Fischer—Tropsch (F-T) synthesis is a conver- 
sion technology that was developed to convert 
any carbon-based material into an oil product 
that can be refined to conventional transporta- 
tion fuels and petrochemical products. In order 
to make use of biomass as feed material and 
produce aviation fuels as products, there are 
three process steps (Fig. 10.1): conversion of 
biomass to synthesis gas, conversion of synthe- 
sis gas to oil, and oil refining to aviation fuels. 

In the first step the biomass is gasified to 
produce synthesis gas [1]. Pure synthesis gas is 
a mixture of hydrogen (H2) and carbon mon- 
oxide (CO). The product from gasification is 
raw synthesis gas and it contains many other 
compounds that must be removed from the 
synthesis gas before it can be used as feed for 
the second step, namely, F-T synthesis. The F- 
T process is an indirect liquefaction process 
[2], and it is blind to the origin of the synthesis 
gas. The cleaned synthesis gas produced from 
biomass can consequently be used as feed 
material to an F-T process with the same 
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confidence as the current industrial practise of 
using synthesis gas from coal and natural gas. 
The composition of the oil product from F-T 
synthesis depends on the nature and operation 
of the F-T technology, much like the composi- 
tion of crude oil depends on its origin. The 
third step involves oil refining to produce the 
aviation fuels. The nature of the oil product 
from the F-T process is different to that of 
crude oil, as is the refining process to produce 
on-specification aviation fuels [3]. 

The development and qualification of avia- 
tion fuels from the F-T process employed pro- 
ducts from coal-derived synthesis gas, but the 
aviation fuel qualification is not linked in any 
way to the raw material used to produce the 
synthesis gas. The requirements are generic and 
captured by the specifications for synthetic avia- 
tion fuels. These points are made to emphasize 
that the aviation fuels produced from biomass 
through the F-T process have no barrier to mar- 
ket entry. In fact, F-T-derived aviation fuels have 
been in commercial use for some time already. 

The developments leading to the qualifica- 
tion of the semi- and fully synthetic jet 
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FIGURE 10.1 Block flow diagram of a generic biomass-to-liquids process based on Fischer—Tropsch synthesis to pro- 


duce aviation fuels. 


fuels-containing F-T material were explained 
by Morgan and Roets [4]. Semi-synthetic jet 
fuel, which is a mixture containing at most 50% 
F-T-derived kerosene in a petroleum-derived 
kerosene has been qualified and approved for 
use since 1999 in DEF STAN 91-91 Issue 3, and 
has been used commercially since then. Fully 
synthetic jet fuel, which contains kerosene 
obtained only from an F-T facility, was quali- 
fied and approved for use in 2008 in DEF 
STAN 91-91 Issue 6. Initially, individual fuels 
had to be approved for commercial use as 
aviation turbine fuels, which restricted market- 
development for such fuels. Since then a stan- 
dardized approval process has been developed 
for aviation turbine fuels-containing material 
not derived from petroleum refining. The quali- 
fication process is outlined in ASTM D 4054 [5]. 

The objective of this chapter is to show how 
aviation fuels can be produced from the F-T 
process. The approach that will be taken is to 
identify the molecular properties that are 
required to meet the main performance charac- 
teristics of aviation fuels, and what conversion 
processes are needed to convert the products 
from an F-T process into aviation fuels. 


10.2 MOLECULAR PROPERTIES 
REQUIRED BY AVIATION 
TURBINE FUELS 


Current specification requirements for avia- 
tion turbine fuels-containing material that was 
not derived from petroleum refining are DEF 
STAN 91-91 Issue 7 [6] and ASTM D 7566 [7]. 
The specification requirements are discus- 
sed in detail in the chapter ‘Certification and 
Performance: What Is Needed From an Aviation 
Fuel?’. The objective of this section is to point 
out the molecular properties that are required to 
meet the main jet fuel specifications. 


10.2.1 Volatility 


The kerosene fraction of oil is refined to avi- 
ation turbine fuel, or jet fuel. The kerosene dis- 
tillation range varies somewhat between 
refineries, but for the purpose of jet fuel there 
are specification constraints. These are illus- 
trated in Fig. 10.2. 


a. At least 10 vol.% of the kerosene must 
distill at a temperature of 205°C, that 
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is, Tio =205°C. This determines the terms of molecular properties, these 
minimum amount of lighter boiling specifications regulate the amount of 
material that must be present in the Co—C4;ı material in the jet fuel. 
kerosene. The initial boiling point (IBP) and b. The final boiling point (FBP) temperature 
amount of lighter boiling material in the may not exceed 300°C. This is a 
kerosene is indirectly determined by the straightforward limit and means that little 
flash point specification. The minimum material heavier than Cj. can be included 
flash point temperature for commercial Jet in jet fuel. 
A-1 is 38°C, but higher values for the c. There are two additional volatility 
minimum flash point can be found in some specifications that are specific to jet fuel- 
military jet fuels, such as JP-5, used on containing material not derived from 
aircraft carriers. The higher the flash point, petroleum refining, such as kerosene 
the less volatile the kerosene becomes. In derived from F-T synthesis. Both 
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FIGURE 10.2 Volatility specifications for aviation turbine fuels-containing material not derived from petroleum 
refining. 
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specifications relate to the slope of the 
distillation curve: Too—T10 = 40°C and 
T59—Ti9 = 15°C. These specifications are 
included to avoid cuts that are too narrow 
or the use of single component synthetic 
products that would not exhibit smooth 
vaporization during continuous 
combustion. 


10.2.2 Density 


The density of jet fuel when measured at 
15°C must be between 775 and 840 kg/m? 
(Table 10.1). The density is affected by the dis- 
tillation curve of the kerosene, with higher 
boiling hydrocarbons generally having a high- 
er density. The density is also affected by the 
composition of kerosene. For molecules of 
the same boiling point the density increases in 
the order: alkanes <cycloalkanes <aromatics. 
It is impossible for kerosene containing only 
linear and branched alkanes to meet the mini- 
mum density requirement. In terms of molecu- 
lar properties, the density specification 
requires some cycloalkanes and/or aromatics 
to be present in the kerosene. 


TABLE 10.1 Fluidity- and Density-Related 


Specifications for Aviation Turbine Fuel 


Specification Limit 
Specification Minimum Maximum 
Density measured at 15°C (kg/m°) 775 840 


FREEZING POINT TEMPERATURE (°C) 


Jet A-1 — —47 
Jet A — —40 
VISCOSITY (mm/s) 

Measured at —20°C — 8 
Measured at —40°C* — 12 


"Specification only for fuel-containing material not derived from 
petroleum refining. 
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10.2.3 Fluidity 


The freezing point and viscosity specifica- 
tions (Table 10.1) are critical and ensure ade- 
quate pumpability of the jet fuel in an aircraft 
during operation at high altitude. The freezing 
point specification is a maximum of —47°C, 
except for Jet-A (used on short distance 
domestic flights), which has a less stringent 
freezing point specification of —40°C. The 
maximum viscosity is 8mm/s (8cSt) mea- 
sured at —20°C, with the additional require- 
ment for jet fuel-containing material not 
derived from petroleum refining to have a vis- 
cosity of 12 mm/s (12 cSt) or lower when mea- 
sured at —40°C. 

The viscosity of most liquids in the kerosene 
range is low, but as a kerosene cut approaches 
its onset of freezing, the liquid viscosity nor- 
mally increases significantly. Ensuring a freez- 
ing point that is well below the specification 
limit, rather than just meeting the specification, 
will usually ensure that the viscosity is also 
within specification. It is for this reason that jet 
fuel that is not derived from petroleum refin- 
ing has an additional viscosity specification at 
a measurement temperature of —40°C. 

Although both freezing point and liquid vis- 
cosity are easily measurable, prediction of 
freezing point and liquid viscosity based on 
structure is challenging [8,9]. This should be 
kept in mind when considering the relation- 
ships to molecular properties that are provided 
as guidelines. Generally speaking, most 
cycloalkanes and aromatics in the kerosene 
boiling range have low freezing points. 
Notable exceptions are durene (1,2,4,5-tetra- 
methyl benzene) and naphthalene and deriva- 
tives of naphthalene. The n-alkanes have high 
freezing point temperatures. n-Decane and 
heavier n-alkanes all have freezing point tem- 
peratures well above the freezing point specifi- 
cation of jet fuel. Branched alkanes on the 
other hand have much lower freezing point 
temperatures and as a rule of thumb even a 
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single methyl branch can decrease the freezing 
point temperature by 20°C or more. As long as 
a compound with high freezing point tempera- 
ture remains in solution, the freezing points of 
individual compounds are not of concern. 
However, when compounds with high freezing 
point temperatures are present in high enough 
concentration, it is likely that they will freeze 
out of solution as the temperature is decreased 
beyond their freezing point temperature. 


10.2.4 Composition 


Composition-related requirements by defi- 
nition are related to the molecular properties 
of the jet fuel. These specifications are summa- 
rized in Table 10.2. 

The only additional specification require- 
ment for jet fuel that contains material not 
derived from petroleum refining, is a manda- 
tory minimum aromatics content. This specifi- 
cation is necessary for protection against 
differential elastomer swelling and shrinking 
that could cause leaks in the fuel system. Thus, 
jet fuel produced with material from F-T syn- 
thesis must contain at least 8 vol.% aromatics. 

Semi-synthetic jet fuel has more specifica- 
tion requirements than fully synthetic jet fuel, 
possibly for historical reasons. Semi-synthetic 


TABLE 10.2 Composition-Related Specifications for 
Aviation Turbine Fuel 


Specification Limit 


Specification Minimum Maximum 

Aromatic content by ASTM D 8° 25 

1319 (vol.%) 

Sulphur content (mg/kg) — 3000 

Thiol content (mg/kg) = 30 

Acidity (mg KOH/g) — 0.10/ 
0.015” 


"Specification only for fuel-containing material not derived from 
petroleum refining. 
"ASTM D 7566/DEF STAN 91-91 Issue 7. 


245 


jet fuel is limited to the inclusion of maximum 
50 vol.% of components not derived from 
petroleum in the final jet fuel blend. The speci- 
fication requirements in the DEF STAN 91-91 
Issue 7 [6] are listed under the section dealing 
with ‘Specific Manufacturer Approvals’. Two 
different F-T blending components were quali- 
fied, iso-paraffinic kerosene (IPK) and heavy 
naphtha #1 (HN1). IPK is the hydrotreated 
product from a solid phosphoric acid- 
catalysed alkene oligomerization process, such 
as the UOP CatPoly process. HN1 is the 
hydrotreated product of the straight run heavy 
naphtha cut from high-temperature Fe-based 
F-T synthesis. The main additional restrictions 
on such blends are that the final blend compo- 
nent should have 7 vol.% or less aromatics, not 
contain ‘synthetic aromatics’, and when it con- 
tains HN1, it should contain at least 25% IPK 
as well. The ASTM D 7566 [7] specification 
makes reference to synthetic paraffinic kero- 
sene (SPK), which is more broadly defined. 
SPK is essentially any refining product derived 
from F-T synthesis, and it may be a blend of 
different streams in an F-T refinery. The addi- 
tional composition requirements for SPK 
derived from an F-T process are given in 
Table 10.3. Note that these additional require- 
ments are for the SPK blend component only, 
and it is not for the final blended semi- 
synthetic jet fuel. 

The limitation on metals content is particu- 
larly strict (Table 10.3), and due to the ubiqui- 
tous presence of water in F-T processes, this is 
an important constraint for final quality 
control. 


10.2.5 Other Properties 


It is not the intent to provide an exhaustive 
list of the other specifications, but some that 
have important bearing on the aviation fuels 
produced from F-T products are listed in 
Table 10.4. 
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TABLE 10.3 Additional Specifications in ASTM D 
7566 for Fischer—Tropsch-Derived Synthetic Paraffinic 
Kerosene (SPK) as Blending Component for Semi- 
Synthetic Jet Fuel 


Specification Limit 


Specification Minimum Maximum 

HYDROCARBONS 

Cycloalkanes by ASTM D 2425 — 15 
(wt.%) 

Aromatics by ASTM D 2425 = 0.5 
(wt.%) 

Total H and C mass (wt.%) 99.5 — 

NONHYDROCARBONS 

Nitrogen content (mg/kg) — 2 

Sulphur content (mg/kg) = 15 

Water content (mg/kg) = 75 

Halogen content (mg/kg) — 1 

Metal content (mg/kg)* — 0.1 


"Specification limit per metal (not total metal content) for each of Al, Ca, 
Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Pd, Pt, Sn, Sr, Ti, V, 
and Zn. 


TABLE 10.4 Selected Other Specifications for 
Aviation Turbine Fuel 
Specification Limit 


Specification Minimum Maximum 


Net heat of combustion (MJ/kg) 42.8 — 


Smoke point (mm), or 25 — 
Smoke point (mm), and 18/19° — 
Naphthalene content (vol. %) — 3.0 
Wear scar, lubricity by ASTM D = 0.85 
5001 (mm)” 

Thermal stability filter pressure — 25 


drop (mmHg)* 


“ASTM D 7566/DEF STAN 91-91 Issue 7. 

"Specification only for fuel-containing material not derived from 
petroleum refining and fuels according to DEF STAN 91-91; also 
severely refined petroleum-derived materials. 

“ASTM D 3241 (JFTOT): 2.5 hours at 260°C (at 325°C for F-T-derived 
fuels). 
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The gravimetric energy density indirectly 
controls the hydrogen-to-carbon ratio. More 
hydrogen-rich fuels have higher gravimetric 
energy densities. Smoke point is also indirectly 
a control to ensure an adequate hydrogen-to- 
carbon ratio. Practically, the smoke point is 
also affected by the content of multinuclear 
aromatics and other multicyclic compounds 
that can more readily form coke particles dur- 
ing combustion. 

Surface-active compounds provide bound- 
ary layer lubricity, which reduces wear. 
Surface-active compounds usually contain het- 
eroatoms, such as oxygen and sulphur. F-T 
and petroleum-derived kerosenes tend to lose 
their inherent lubricity during hydroproces- 
sing because heteroatoms are eliminated dur- 
ing hydrotreating. 

The thermal stability test conditions for F-T 
and other fuels not derived from petroleum 
are more stringent than for petroleum-derived 
fuels. This is used as a quality control measure 
to ensure batch-to-batch consistency. The need 
for this is likely related to the oxygenate con- 
tent of the kerosene, which can make the fuel 
more susceptible to free radical initiation and 
free radical reactions when it comes into con- 
tact with hot surfaces. 


10.3 COMPOSITION OF PRODUCTS 
FROM FISCHER—TROPSCH 
SYNTHESIS 


F-T synthesis is not a singular technology 
with only one product slate. Since the inven- 
tion of F-T synthesis, many different combina- 
tions of catalysts, operating conditions, and 
reactor designs were developed to reach dem- 
onstration scale or commercial implementa- 
tion. Despite the diversity of technologies, 
when F-T synthesis is viewed from a product 
perspective, there are only two basic types of 
products that are industrially produced by F-T 
synthesis. The first type is the product from 
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TABLE 10.5 Main Product Types Produced 
Industrially by F-T Synthesis 


Product Property HTFT* LTFT” 


Carbon number 
range 


C)—C39 C1ı—C120 


COMPOUND CLASSES 


Alkanes (paraffins) 20—30% Major product 
(>70%) 

Cycloalkanes <1% <1% 

(naphthenes) 

Alkenes (olefins) Major product 15 to 20% 
(>50%) 

Aromatics 1—5% <1% 

Oxygenates 10—15% ~5% 


“HTFT (High-Temperature Fischer—Tropsch) using Fe-based catalyst. 
"LTET (Low-Temperature Fischer—Tropsch) using Fe- or Co-based 
catalysts. 


high-temperature Fischer—Tropsch (HTFT) 
synthesis employing Fe-based catalysts oper- 
ated at 320°C and higher temperature. The sec- 
ond type is the product from low-temperature 
Fischer—Tropsch (LTFT) synthesis employing 
mainly Fe- and Co-based catalysts. The operat- 
ing temperatures for LTFT depend on the cata- 
lyst and reactor design, and in practise range 
from around 170°C to 270°C. 

The main composition characteristics of the 
two types of F-T products are given in 
Table 10.5 [10]. These are generic characteris- 
tics, and aspects such as the carbon number 
distribution and relative abundance of alkenes 
and oxygenates depend on the F-T technology 
and its operation. Generally speaking for LTFT 
synthesis, Fe-based catalysts that are operated 
at higher temperatures than Co-based catalysts 
produce products that contain a higher per- 
centage of alkenes. Only HTFT synthesis pro- 
duces meaningful amounts of aromatics. 

It is important to point out that F-T synthe- 
sis can be manipulated to make the refining 
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TABLE 10.6 Mass Percentage of Straight Run 
Fischer—Tropsch Products Available for the Production of 
Jet Fuel Blending Components 


HTFT LTFT 

Fe- Fe- Co- 
Straight Run Product catalyst catalyst catalyst 
Light alkenes (C3—Cs) 20—30% 5—10% 3—5% 
Heavy naphtha and 10—15% 10-15% 10—15% 
kerosene (Cy—Cy,) 
Heavy distillate and wax None 45—50% 40—50% 


(C23 +) 


production of aviation turbine fuel easier. 
Unlike crude oil, where the composition is dic- 
tated by the natural resource, it is possible to 
manipulate the composition of the oil product 
from F-T synthesis. 

The blending components used in the 
production of semi-synthetic and fully synthetic 
jet fuels from F-T synthesis are produced in 
three ways: hydrogenation of light alkene 
oligomerization products, hydrogenation of 
straight run heavy naphtha and kerosene, and 
the hydrocracking and hydroisomerization of 
distillate and wax. The relative contribution of 
each depends on the F-T technology. Table 10.6 [3] 
gives an indication of the relative fraction of the 
straight run organic products of each type that is 
available for the production of these blending 
components. Note that these amounts exclude 
additional material that can be made available by 
refining of the remainder of the product. 


10.4 JET FUEL BLENDING 
COMPONENTS FROM 
FISCHER—TROPSCH SYNTHESIS 


10.4.1 Hydrogenated Alkene Oligomers 


The first blending component to be certified 
for the production of semi-synthetic jet fuel 
was IPK. A block flow diagram of the process 
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FIGURE 10.3 Block flow diagram of the process to produce iso-paraffinic kerosene from light Fischer—Tropsch 


alkenes. 


to show how this material is produced is 
shown in Fig. 10.3. 

The first step is the oligomerization of the 
light alkenes. The feed is comprised of mixed C3 
to Cs alkenes and alkanes that were produced 
during F-T synthesis. The composition of this 
feed material depends on the F-T technology 
and prior separation steps, for example, recov- 
ery of propene as a petrochemical product. The 
oligomerization catalyst is solid phosphoric 
acid, which consists of a phosphoric acid phase 
on kieselguhr. The product from this type of 
oligomerization is predominantly branched 
alkenes in the Cy to Cı3 carbon number range 
[11]. In principle, other acid catalysts can also be 
employed for the oligomerization, but solid 
phosphoric acid is particularly well-suited for 
this task, because the product is highly branched 
and the process has a high kerosene yield. 

After the oligomerization reaction, the light 
C3—C, alkanes are separated from the heavier 
product by distillation in a debutanizer col- 
umn. The olefinic product is then hydroge- 
nated in a hydrotreater. Any catalyst that is 
suitable for alkene-to-alkane hydrogenation 
can in principle be employed for this purpose. 
The hydrotreated product is fractionated by 
conventional distillation to produce kerosene 
that is comprised almost entirely of branched 
alkanes, hence the name ‘IPK’. 


Characterization of the IPK (Table 10.7) is 
available from the work performed to qualify it 
as a blend component for semi-synthetic jet fuel 
[12]. The product is a narrow distillation cut 
and more heavy naphtha could in principle be 
included to give the material better Tsọ—T10 
and To9—T 9 characteristics. The exceptionally 
low freezing point reflects the highly branched 
nature of the product. The low density is typi- 
cal of kerosene range alkanes. Although the 
IPK on its own does not meet jet fuel specifica- 
tions, it meets specifications in 50:50 blends 
with conventional petroleum-derived kerosene. 


10.4.2 Hydrogenated Straight 
Run Material 


When straight run F-T material is hydro- 
treated, the hydrotreated product will reflect 
the carbon structure of the straight run oil. In 
this respect there is a considerable difference 
between HTFT- and LTFI-derived material 
(Table 10.5). 

The aromatics content of straight run Co—Cy4 
HTFT material is close to 10 wt.%. Even when 
deep hydrodearomatization is performed, the 
hydrotreated HTFT material will have around 
10% cycloalkanes. The hydrogenated straight 
run material from HTFT synthesis will 
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therefore have a higher density and better cold 
flow properties than the same boiling range 
material prepared from LTFT synthesis. 
Irrespective, the inherently high n-alkane con- 
tent of hydrotreated straight run F-T products 
will limit the amount of such kerosene that can 
be blended in semi-synthetic jet fuel. 

Straight run HTFI material also has a 
higher oxygenate content than that of LTFT 
material. Hydrotreating is made more chal- 
lenging by oxygenates in the straight run 
material, which necessitates the use of sulfided 
base metal catalysts to avoid deactivation 
[13,14]. Oxygenates can undermine storage sta- 
bility, cause gum formation, and lead to poor 
thermal stability. As a result, deep hydrodeox- 
ygenation is necessary. Hydrodeoxygenation is 
more difficult than alkene saturation. More 
severe hydrotreating conditions are needed to 
produce a jet fuel blending component from 


TABLE 10.7 Properties of Sasol Iso-Paraffinic 


Kerosene 

Fuel Property Sasol IPK* 
DISTILLATION CURVE (°C) 

IBP 174 

Tho 181 

Ts50 188 

Too 210 
FBP 232 
Tso—T10 (CC) 7 
Too—T10 (CC) 29 
Density measured at 15°C (kg/m) 768.8 
Freezing point temperature (°C) <-65 
Sulphur content (mg/kg) <10 
Acidity (mg KOH/g) 0.001 
Lubricity, ASTM D 5001 wear scar (mm) 0.72" 


“Industrial product from Sasol Synfuels (Fe-based HTFT). 
’Neat, no lubricity additives added. 
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straight run HTFT material than from straight 
run LTFT material due to the higher oxygenate 
content in the HTFT material. 


10.4.3 Hydrocracked and 
Hydroisomerized Distillate and Wax 


Several LTFT-based gas-to-liquid facilities 
have started production in the past decade. 
Wax is the major product from LTFT synthesis. 
Hydrocracking of F-T wax produces a kero- 
sene fraction that consists of linear and 
branched alkanes. Despite the similarity to the 
kerosene material obtained from hydrotreating 
alkene oligomers, it is not referred to as IPK. 
In the ASTM D 7566 [7] it is referred to under 
the umbrella term of ‘SPK’. A block flow dia- 
gram of the process is shown in Fig. 10.4. 

The heavy hydrocarbon material is co-fed 
with hydrogen to the hydrocracker. The 
hydrocracker performs both hydroisomeriza- 
tion and hydrocracking simultaneously using a 
bifunctional catalyst. Two classes of catalysts 
can be employed, either a noble metal on an 
acidic support, or a base metal (usually a 
sulfided base metal) on an acidic support. 
Insufficiently converted material is recycled to 
the hydrocracker, and the remainder of the 
product is fractionated by distillation. One of 
the product fractions obtained by distillation is 
SPK. 

The degree of isomerization of the product 
depends on the catalyst and reactor operation, 
and it is often expressed in terms of the 
branched-to-linear alkane ratio (ie, the iso-to- 
normal ratio). The freezing point of the kero- 
sene is affected both by the distillation range 
and the degree of isomerization. In fact, the 
properties of the SPK are determined mainly 
by process design and operation, and in partic- 
ular by the hydrocracker technology that is 
employed to produce the kerosene. 

Various products prepared from the 
hydrocracking of F-T wax were evaluated as 
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FIGURE 10.4 Block flow diagram of the process to produce synthetic paraffinic kerosene from Fischer—Tropsch heavy 


hydrocarbons. 


semi-synthetic jet fuel blending components. 
Characterization of these SPKs is shown in 
Table 10.8 [12]. The influence of hydrocrack- 
ing technology and distillation are evident. 
In the case of the Shell GTL and Sasol GTL- 
1 blending components, their densities were 
too low for a 50:50 blend with petroleum- 
derived jet fuel to meet the minimum den- 
sity specification of 775 kg/m? for jet fuel. 
Nevertheless, some blends of semi-synthetic 
jet fuel meet all of the specification require- 
ments in blends up to 50 vol.% with 
petroleum-derived kerosene [12,15]. 

When the hydrocracking technology is 
very isomerizing, a wider boiling range can 
be employed for blending into semi- 
synthetic jet fuel. For example, the 
Syntroleum S-5 blending component that 
was evaluated for blending with JP-5 jet 
fuel for aircraft carrier use had on average 
1.7 methyl groups per molecule, low n- 
alkane content, and wide carbon number 
range, Co to Cig [16,17]. The importance of 
having a more isomerizing hydrocracking 
technology for the production of SPK was 
also highlighted by the yield constraints 
imposed by the flash point specification in 
combination with the freezing point specifi- 
cation [18]. 


TABLE 10.8 Properties of Different Synthetic 
Paraffinic Kerosenes Produced by Hydrocracking of 
Heavy Hydrocarbons from Co-based LTFT Synthesis 


Syntroleum Shell Sasol Sasol 
Fuel Property S-8 GTL GTL-1 GTL-2 
DISTILLATION CURVE (°C) 
IBP 144 156 144 179 
Tio 167 162 153 196 
Tso 206 169 170 226 
Too 256 184 193 256 
FBP 276 198 208 266 
Tso—T10 (CC) 39 7 17 30 
To9—Ti9 (CC) 89 22 40 60 
Density 799 736.1 733.3 761.6 
measured at 
15°C (kg/ mĉ) 
Freezing point —51 —54 —49 —60 
temperature 
(°C) 
Sulphur content <100 <3 <1 1.3 
(mg/kg) 
Acidity (mg 0.004 0.001 0.021 0.003 
KOH /g) 
Lubricity, ASTM — 0.92° — — 
D 5001 wear 
scar (mm) 


"Neat, no lubricity additives added. 
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10.5 ON-SPECIFICATION JET FUEL 
FROM FISCHER—TROPSCH 
SYNTHESIS 


10.5.1 Sasol Fully Synthetic Jet Fuel 


Fully synthetic jet fuel contains no 
petroleum-derived blending components. Thus 
far the only fully synthetic jet fuel-containing 
F-T material that was prepared in large quanti- 
ties is the Sasol fully synthetic jet fuel from the 
Sasol Synfuels refinery. Unlike semi-synthetic 
jet fuel, fully synthetic jet fuel is not commonly 
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carrying flight employing only fully synthetic 
jet fuel took place in Sept. 2010 [4]. 

Various fully synthetic jet fuel blends have 
been tested [19,20], all of which were blended 
from five different refinery streams at the 
Sasol Synfuels facility (Fig. 10.5). The five 
streams are IPK, heavy F-T naphtha, light F-T 
distillate, heavy coal tar naphtha, and light cre- 
osote distillate. All of these streams are hydro- 
processed products. 

Three of the blending components are 
derived from F-T synthesis. The production of 
IPK (Section 10.4.1) and heavy F-T naphtha 


used commercially. The first passenger- (Section 10.4.2) have already been discussed. 
lso-paraffinic 
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FIGURE 10.5 Block flow diagram of the Sasol Synfuels facility showing the streams used to blend Sasol fully synthetic 


jet fuel. 
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The light F-T distillate is produced in the 
same way as the naphtha, but it is hydro- 
treated in a different hydrotreater, which is 
dedicated to the hydrogenation of the F-T dis- 
tillate fraction. 

Two of the blending components are pro- 
duced by the hydrogenation of coal pyrolysis 
products from moving bed coal gasifiers. The 
coal pyrolysis products are recovered by con- 
densation from the raw synthesis gas and are 
not produced by F-T synthesis. The coal tar 
naphtha and the creosote distillate that are 
employed as blending components are hydro- 
treated products. The refining steps for the hea- 
vy coal tar naphtha and the light creosote 
distillate are similar to those of the F-T fractions. 
However, the hydrotreating is more severe. For 
example, the creosote hydrotreater is operated 
at 18.5 MPa hydrogen pressure [3]. Unlike the 
F-T material, the coal pyrolysis products are rich 
in aromatics, and in addition to oxygenates, 
there are also sulphur- and nitrogen-containing 
compounds. Hydrotreating removes most of the 
heteroatom-containing compounds, and the 
hydrotreated products are rich in cycloalkanes 
and aromatics. 

The characterization of different fully syn- 
thetic jet fuel blends that were tested is shown 
in Table 10.9 [19,20]. Not all of the blends 
met all of the specifications for Jet A-1, and 
they reflect the developmental nature of the 
fuels at the time of their preparation. The 
importance of the hydrotreated fractions derived 
from coal tar is evident in both the density 
and aromatic content of the fuels. A more 
detailed chromatographic analysis was reported 
on blend FSJF #5 in Table 10.9 [21]. The 
compound classes identified and quantified 
were n-alkanes (2.7 wt.%), iso-alkanes (42.8 wt. 
%), cycloalkanes (13.8 wt.%), bicycloalkanes 
(20.4 wt.%), polycyclic alkanes (8.7 wt.%), alkyl- 
benzenes (2.7 wt.%), naphtheno-monoaromatics 
(8.5 wt.%), and the remainder, which was 
heavier aromatics. 


10. AVIATION TURBINE FUELS THROUGH THE FISCHER—TROPSCH PROCESS 


10.5.2 Refining Requirements for Fully 
Synthetic Jet Fuel 


The extensive fuel testing that preceded the 
acceptance of aviation turbine fuels that con- 
tained refined F-T material highlighted some 
requirements that have to be met by a fully 
synthetic jet fuel. These requirements relate to 
both distillation profile as well as composition. 
At least some of these requirements can also 
be inferred from the physical and molecular 
requirements in the jet fuel specifications. 
From a refining perspective it is the bulk fuel 
properties that cannot be fixed by an additive 
that are important to address in the refinery. 

Considering the composition of F-T material 
(Table 10.5) in relation to the jet fuel specifica- 
tions (Fig. 10.2 and Tables 10.1—10.4), the fol- 
lowing important refining targets can be 
outlined: 


a. The acyclic aliphatic material must contain 
a high fraction of branched alkanes and as 
little as practicable n-alkanes in order to 
meet the freezing point specification. F-T 
synthesis produces predominantly linear 
hydrocarbons, which places a restriction on 
the amount of hydrotreated straight run 
material that can be included. In this 
respect, straight run HTFT products are 
somewhat more forgiving than LTFT 
products because the HTFT products 
contain some cyclic compounds too. 
Kerosene range material produced by 
alkene oligomerization is inherently 
branched, as is the kerosene range material 
produced by hydrocracking. However, it 
should be kept in mind that different 
oligomerization technologies result in 
different degrees of branching, just like 
different hydrocracking technologies result 
in different degrees of branching. These are 
mainly consequences of the catalysts 
employed [22]. It is therefore important to 
select the appropriate catalyst, particularly 
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TABLE 10.9 Properties of Different Fully Synthetic Jet Fuel Blends Prepared From the Refinery Streams Indicated in 
Fig. 105 


Sasol Fully Synthetic Jet Fuel Blend 


Fuel Property FSJF #1 FSJF #2 FSJF #3 FSJF #4 FSJF #5 
BLEND COMPOSITION, FIG. 10.5 (VOL.%) 

Iso-paraffinic kerosene 67 55 57 5 70 
Heavy F-T naphtha 15 15 13 59 0 
Light F-T distillate 18 0 10 0 0 
Heavy coal tar naphtha 0 0 0 0 30 
Light creosote distillate 0 30 20 36 0 
DISTILLATION CURVE (°C) 

IBP 183 174 179 166 170 
Tio 189 185 188 175 176 
Tso 196 198 200 188 187 
Too 216 220 223 222 218 
FBP 246 245 250 256 272 
Ts5o— T10 CO) 7 13 12 13 11 
Too— T10 CC) 20 22 23 34 31 
Flash point temperature (°C) 69 63 62 53 51 
Density measured at 20°C (kg/m°) 772.6 797 2 789.8 799.3 781.2 
Freezing point temperature (°C) 07 <— 60 —59 —61 =09 
Viscosity measured at —20°C (mm/s) 4.68 4.53 4.69 3.48 4.09 
Net heat of combustion (MJ/kg) 43.8 43.4 43.5 43.1 43.7 
Aromatic content (vol. %) r: 13.6 12.5 16.9 10.9 
Lubricity, ASTM D 5001 wear scar (mm) 0.69 0.73 0.68 0.72 — 


when heavier material is included in the 
kerosene. 


b. A minimum amount of 8 vol.% aromatics is 


required in jet fuel to ensure compatibility 


with elastomer seals in aircraft fuel systems. 


In a mixed fuel usage environment the jet 
fuel can be changed from conventional 
petroleum-derived jet fuel to synthetic jet 
fuel. If the synthetic jet fuel contains too 


few aromatics, the fuels will decrease 
swelling in elastomer seals, which in turn 
can cause leaks in the fuel system. Various 
studies on elastomer swelling due to 
exposure to F-T-derived jet fuels and blend 
components can be found in the literature 
(eg, Refs [23—27]). In addition to the need 
for aromatics for elastomer swelling 
compatibility, aromatics also increase the 


II. THE SCIENCE AND TECHNOLOGY OF DEVELOPING BIOFUELS FOR AVIATION 


254 


density of the jet fuel. This is an important 
benefit because F-T materials inherently 
have little or no cycloalkanes, and the 
cycloalkanes present in hydrotreated heavy 
HTFT naphtha come from the 
hydrogenation of aromatics. As pointed out 
before, it is impossible for purely paraffinic 
kerosene to meet the minimum density 
requirement of jet fuel without blending of 
cycloalkanes or aromatics. The nature of the 
aromatics matter because mono-nuclear 
aromatics are less likely to cause deposits 
during thermal stressing than binuclear 
aromatics [28]. In the kerosene range the 
free radical addition propensity, 
irrespective of whether it is oxidatively or 
thermally induced, is high in naphtheno- 
aromatics, and is particularly high in 
homologues of indan [29]. The refining 
origin of the aromatics will therefore affect 
the thermal stability of the jet fuel. 

c. The jet fuel should preferably have a wide 
distillation range and the blending of single 
components, or narrow distillation cuts 
should be avoided. This may seem a simple 
enough refining objective to achieve, but 
any inherent deficiencies in the molecular 
properties of the streams used as blending 
components may necessitate the use of 
narrower distillation cuts to meet the other 
specifications. The characterization data in 
Table 10.9 shows that meeting the Too—T10 
and Ts9—T10 specifications can be a 
challenge if the refinery was not originally 
designed to produce fully synthetic jet fuel. 

d. The fuel must be severely hydroprocessed 
to limit alkenes and oxygenates in the final 
jet fuel. Alkenes in combination with 
oxygenates have poor high-temperature 
thermal stability, because such materials are 
susceptible to form free radical addition 
products. 


A useful approach to determine a viable 
composition range of material for fully 
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synthetic jet fuel is the graphical method of 
Cookson, et al. [30] Although it is restricted to 
three compound classes, it can be adapted as a 
numeric approach, which can employ all four 
relevant compound classes for fully synthetic 
jet fuel blending: n-alkanes, iso-alkanes, 
cycloalkanes, and aromatics. 


10.5.3 Fischer—Tropsch Jet Fuel 
Refining 


The demonstration of fully synthetic jet fuel 
production by Sasol [4] relied on access to coal 
pyrolysis products as blending components to 
meet the Jet A-1 minimum aromatic and den- 
sity specifications. These materials are not 
available in F-T facilities that employ biomass 
as raw material feed. The question should 
therefore be posed: Is it possible to produce a 
fully synthetic jet fuel in an F-T-based bio- 
mass-to-liquids facility? The short answer is 
‘yes’. 

When planning an F-T facility to maximize 
production of on-specification jet fuel, the 
refinery can be designed to meet this objec- 
tive without the aid of material that is not 
derived from F-T synthesis. If it is additionally 
required that all of the transportation fuels 
from the refinery must meet fuel specifications, 
the best F-T technology platform is Fe-based 
LTFT synthesis [3]. Fe-based LTFT synthesis 
strikes the most efficient balance between 
alkene content in the lighter products and wax 
production on the heavy end. 

Various refinery designs that maximize jet 
fuel production from F-T synthesis without 
external blending components have been 
described in the literature [3,31]. In practise, a 
refinery design will seldom be geared to such 
an extreme, but the aforementioned work dem- 
onstrated that it is possible to refine more than 
50 wt.% of HTFT material to fully synthetic Jet 
A-1 and meet fuel specifications for all other 
transportation fuels. Likewise, it is possible to 
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refine around 60 wt.% of LTFT material to fully 
synthetic Jet A-1 and meet fuel specifications 
for all other transportation fuels. 

The refining technologies that are required 
to produce fully synthetic jet fuel follow from 
the molecular requirements of jet fuel. A mini- 
mum of four of the following five chemical 
conversions are required to produce Jet A-1 
from F-T material (Fig. 10.6): 


a. Alkene oligomerization. Alkene 
oligomerization produces a highly branched 
product. There are different oligomerization 


(a) Alkene oligomerization 3 YT 26 


2n+2 
+ RSM 


(b) Hydrocracking and 
hydroisomerization 


(c) Aromatization or 
naphtha reforming 


(d) Aromatic alkylation 


(e) Hydrogenation + H2 


a a a Imes 


como 


———quUFK> 


technologies to choose from Refs [3,32]. For 
the purpose of jet fuel production from 
light F-T alkenes, solid phosphoric acid- 
catalysed oligomerization is ideal because it 
produces a carbon number-constrained 
product with good kerosene yield. This 
process forms the basis of IPK production 
as a semi-synthetic jet fuel-blending 
component, which was discussed in 
Section 10.4.1. It is also an important 
blending component in fully synthetic jet 
fuel. 


FIGURE 10.6 Chemical con- 
versions needed in the produc- 
tion of fully synthetic jet fuel 
from Fischer—Tropsch material. 
(A) Alkene oligomerization; (B) 
Hydrocracking and hydroisome- 
rization; (C) Aromatization or 
naphtha reforming; (D) Aromatic 
alkylation; (E) Hydrogenation. 


+ 4H, 
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b. Hydrocracking/hydroisomerization. The 
semi-synthetic jet fuel blending component 
derived from heavy hydrocarbon 
hydrocracking was discussed in 
Section 10.4.3. A hydrocracker is 
particularly important when refining LTFT 
material, since most of the organic product 
is wax (Table 10.5). Without a hydrocracker, 
very little LTFT material would be available 
for jet fuel. For HTFT synthesis, which does 
not have a meaningful heavy boiling 
fraction, a hydrocracker or 
hydroisomerization unit may still be 
necessary to ensure that the heavier 
material in the kerosene boiling range is 
sufficiently branched. Straight run F-T 
kerosene is too rich in linear hydrocarbons 
to meet the freezing point specification 
without hydroisomerization. The jet fuel 
distillation range requirements 
(To9—-T 10 = 40°C and Ts9—Ti0 = 15°C) 
necessitate the inclusion of some heavier 
material. Unless such material can be 
produced from a source other than straight 
run F-T kerosene, some hydroisomerization 
would be required. 

c. Aromatization/naphtha reforming. The 
minimum aromatics content for jet fuel is 8 
vol.%. There must consequently be a source 
of aromatics. There are different 
technologies that can be considered, and the 
type of technology used to produce 
aromatics will depend on refinery streams 
that are earmarked for aromatics 
production, as well as the overall need for 
aromatics in the refinery [3,32]. In this 
discussion we are concerned only with jet 
fuel, but in a practical refinery design all 
transportation fuels will be considered. 
Aromatics are also needed to produce on- 
specification motor-gasoline (petrol). 

d. Aromatic alkylation. Refining technologies 
that produce aromatics from alkanes 
produce aromatics mainly in the Ce—Cjo 
range. In order to obtain aromatics that 
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span the kerosene boiling range, as well as 
to make more aromatics available for use in 
jet fuel, the aromatics can be alkylated with 
light alkenes. This can be performed in a 
dedicated unit, but it can also be achieved 
by co-feeding aromatics with light alkenes 
to an alkene oligomerization unit [33]. 

e. Hydrogenation. Hydrotreating is necessary 
to hydrogenate alkenes from the alkene 
oligomerization unit. Hydrotreating is 
likewise needed to include straight run F-T 
material for the production of semi- 
synthetic jet fuel (Section 10.4.2). Depending 
on the technology selected to produce 
aromatics, hydrotreating might also be 
necessary as feed pretreatment for catalytic 
naphtha reforming. 


An uncomplicated refinery design focused 
on the production of fully synthetic jet fuel is 
shown in Fig. 10.7 to illustrate the use of the 
different conversion types. This refinery design 
is for refining LTFT material, but an analogous 
design can be employed for HTFT material. 
This uncomplicated refinery design demon- 
strates the production of on-specification fully 
synthetic jet fuel, but the naphtha range mate- 
rial does not meet motor-gasoline specifica- 
tions. In order to meet these specifications, the 
octane number of the naphtha range alkanes 
must be further improved. 

The hydrocracker unit is responsible for 
converting the heavy hydrocarbons into 
branched kerosene range products. The heavy 
hydrocarbon fraction is recycled to extinction. 
Naphtha and lighter boiling alkanes are co- 
produced with the kerosene. The lighter mate- 
rial can be further refined (as shown in 
Fig. 10.7), but may also be recovered as naph- 
tha and fuel gas products. 

Aromatics can be produced in different 
ways. The most common refining technology is 
conventional catalytic naphtha reforming, but 
this technology is not very efficient in combina- 
tion with F-T materials [3,32]. An alternative is 
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FIGURE 10.7 Block flow diagram of an uncomplicated Fischer—Tropsch refinery design focused on the production of 


fully synthetic jet fuel. 


catalytic naphtha reforming employing a Pt on 
nonacidic L-zeolite catalyst, which is efficient 
for F-T naphtha. In either case, the feed is naph- 
tha and the catalytic naphtha reformer feed 
must be hydrotreated first. Another possibility 
is to employ an aromatization technology based 
on a metal-promoted ZSM-5 catalyst, which 
can also convert material in the C3—C; range. 
Irrespective of the technology selected, an 
aromatic-rich product is produced. 

A portion of the light aromatic-rich product 
can be co-fed with the C3—Cs material to the 
alkene oligomerization unit, which will also 
perform aromatic alkylation. This type of oper- 
ation was demonstrated with a solid phospho- 
ric acid catalyst. Not all oligomerization 
technologies are capable of performing both 
oligomerization and aromatic alkylation in tan- 
dem. The product is a mixture of highly 
branched alkenes, alkanes, and alkyl aromatics. 
This material must be hydrotreated before it is 
fractionated by distillation to produce a kero- 
sene product for jet fuel blending. 


In all of the product distillation steps, the 
cut points can be adjusted to ensure that the 
final blended kerosene meets the fully syn- 
thetic jet fuel specifications. The IBP of the ker- 
osene from the hydrocracker product 
distillation controls the flash point and influ- 
ences the density of the paraffinic kerosene. 
The final boiling point of the kerosene from 
the hydrocracker product distillation can be 
adjusted to meet the freezing point specifica- 
tion, with a broader cut being possible if the 
hydrocracking technology is more isomerizing. 
The initial and final boiling point of the kero- 
sene from the hydrotreater after alkene oligo- 
merization and aromatic alkylation controls 
the aromatic content and density. 


10.6 CONCLUSIONS 


The production, refining, and qualification 
of aviation turbine fuel (jet fuel) from products 
derived from F-T synthesis was discussed. The 
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following conclusions can be drawn for avia- 
tion turbine fuel production in a biomass-to- 
liquids facility that employs F-T synthesis: 


a. Biomass gasification to produce synthesis 
gas must be designed with specific biomass 
feed in mind, but once synthesis gas is 
produced, the rest of the process becomes 
independent of the nature of the raw 
material feed. 

b. Current DEF STAN 91-91 and ASTM D 
7566 aviation turbine fuel specifications 
make provisions for the inclusion of F-T- 
derived material in jet fuel. Kerosene from 
the refining of F-T products can either be 
included up to 50 vol.% in blends with 
kerosene from petroleum refining to 
produce semi-synthetic jet fuel, or blended 
without any petroleum products to produce 
a fully synthetic jet fuel. 

c. Irrespective of the concentration of F-T- 
derived material that is included in jet fuel, 
there are some additional jet fuel 
specifications that must be met beyond that 
required for petroleum-derived jet fuel. The 
additional specification requirements in 
DEF STAN 91-91 Issue 7 [6] and ASTM D 
7566-15b [7] are minimum 8 vol.% 
aromatics, boiling range Tog—T19 = 40°C, 
boiling range T59—T19 = 15°C, viscosity 
measured at —40°C = 12 mm/s, and more 
stringent requirements for acidity and 
metals content. 

d. The main molecular transformations 
needed to produce jet fuel from F-T 
products are isomerization of n-alkanes to 
iso-alkanes, synthesis of aromatics, and 
hydrotreatment of alkenes and oxygenates 
to produce alkanes. 

e. Refining of F-T products is required to 
produce jet fuel or jet fuel blend 
components. The following conversion 
types will typically be required in a 
biomass-to-liquids F-T refinery to produce 
fully synthetic jet fuel: (1) alkene 
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oligomerization, (2) heavy hydrocarbon 
hydrocracking /hydroisomerization, (3) 
aromatization or catalytic naphtha 
reforming, (4) aromatic alkylation, and (5) 
hydrotreating. 
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11.1 INTRODUCTION 


The chemical composition of aviation fuel is 
expected to vary as a result of the diverse 
range of alternative sources and processes 
used for their generation. Stringent standards 
governing bulk physico-chemical properties 
are necessary in order to ensure such fuels are 
fit for purpose and do not impact aircraft and 
engine operation. This chapter considers the 
range of additives sometimes deployed in 
order to improve the ancillary properties of jet 
fuel — that is, thermal and storage stability, 
lubricity, conductivity, inhibition of bacterial 
growth, and ice formation. Potential future 
additives to improve the properties of biofuels, 
and more generally alternative fuels, are also 
considered. 

Typically, additives are largely fuel-soluble 
chemicals derived from petroleum-based raw 
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materials; their function and chemistry are 
highly specialized. They produce the desired 
effect in the parts per million (ppm) concentra- 
tion range. These additives fall into general 
categories such as thermal stability improvers, 
antioxidants, metal deactivators, and lubricity 
improvers [1]. Additives are used to varying 
degrees in all petroleum-derived fuels, but the 
situation with aviation fuels is unique in that 
only those additives specifically approved by 
industry committees may be added to jet fuel. 
Most jet fuel specifications list the approved 
additives along with allowed concentration 
ranges [2]. Some approved additives are man- 
datory while others are optional, only to be 
used by agreement between customer and ven- 
dor. There are variations depending on the 
specification. In this chapter we will mainly 
consider the Def Stan 91-91 of the UK Ministry 
of Defence. Some classes of additives are 
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approved by the chemical compositions, so are 
therefore available from more than one sup- 
plier, whereas others are proprietary products 
approved as a commercial package on an indi- 
vidual basis [2]. The type and mandatory use 
of additives is also the principal difference 
between commercial and military jet fuels. 
Military jet fuels will normally contain three or 
more additives, such as antioxidants, fuel sys- 
tem icing inhibitors (FSII), or thermal stability 
improvers because of the longer-term storage 
and performance requirements [1]. 

In the evaluation of a potential additive, sev- 
eral key properties need to be met in order for 
it to be appropriate for use in jet fuel, including 
being effective below 1% (v/v), being chemi- 
cally stable, not having any negative effects on 
the engine and fuel system components, having 
the required solubility in fuel, possessing a low 
environmental impact, and being cost effective 
[3,4]. The approval process is clearly outlined 
in ASTM D4054 [5], and it is a regimented, 
lengthy, and costly process. 


11.2 APPROVED ADDITIVES 
FOR ALTERNATIVE FUELS 


All jet fuel specifications list approved addi- 
tives along with allowed concentration ranges; 
approved additives vary depending on the 
specification. In this chapter we consider the 
Def Stan 91-91 of the UK Ministry of Defence 
[2]. These additives fall into the following 
general categories: antioxidants, metal deacti- 
vators, lubricity improvers, static dissipators, 
biocides, FSII, and thermal stabilizers [1]. The 
use of additives is the principal difference 
between commercial and military jet fuels. The 
static dissipator Stadis 450 is mandatory for Jet 
A-1, with antioxidant addition required for 
severely hydroprocessed fuels and synthetic 
blends, whereas military jet fuels will contain 
three or more additives — that is, antioxidant, 
metal deactivator, and FSII — because of the 
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high performance requirements [1]. A list of 
Def Stan 91-91 approved additives for Jet A-1, 
with corresponding concentrations, is pre- 
sented in Table 11.1. 


11.2.1 Antioxidants 


Antioxidants are added to improve fuel stor- 
age stability and inhibit formation of peroxides, 
soluble gums, and insoluble particulates result- 
ing from oxidation reactions. Peroxides can 
chemically attack sealants in the aircraft 
fuel systems, gums can lead to engine deposits, 
and particulates can plug fuel filters [7]. 
Hydroprocessing of fuels removes naturally 
occurring antioxidants that provide protection 
from peroxidation. Therefore, antioxidants are 
mandatory for aviation fuels derived from the 
Fischer—Tropsch (F—T) process, hydropro- 
cessed esters and fatty acids (HEFA), and other 
hydroprocessed feedstock [2]. 

Oxidation, which occurs in the presence of 
molecular oxygen, forming peroxides and 
hydroperoxides, is known as autoxidation. 
This process has been known to contribute to 
the oxidative degradation of hydrocarbon- 
based fuels during storage. There are two 
main stages in the oxidation process: a free- 
radical chain reaction forming the hydroperox- 
ide species, and a subsequent decomposition 
of the hydroperoxides [8]. The chain reaction 
is initiated by abstraction of a hydrogen atom 
to form a radical species, which can then react 
with molecular oxygen to form hydroperox- 
ides. Hydrogen abstraction can be instigated 
by light or heat, the presence of metal ions, or 
free radicals. In general, tertiary C—H bonds 
are more susceptible to oxidative attack than 
secondary, which are in turn more so than pri- 
mary C—H bonds. This is because of the 
increased stability of the carbon radical with 
increasing substitution. Olefins are also sus- 
ceptible to hydride abstraction at the carbon 
atom adjacent to the double bond, creating 
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TABLE 11.1 Approved Additives for Jet A-1 in the Def Stan 91-91° 
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Additive Category Approved Concentrations 
2,6-Ditertiary-butyl-phenol Antioxidants 17—24 mg/L 
2,6-Ditertiary-butyl-4-methyl-phenol Antioxidants 17—24 mg/L 
2,4-Dimethyl]-6-tertiary-butyl-phenol Antioxidants 17—24 mg/L 
2,6-Ditertiary-butyl-phenol (=75%), tertiary Antioxidants 17—24 mg/L 
and tritertiary-butyl-phenols (=25%) 

2,4-Dimethyl-6-tertiary-butyl-phenol (=55%), Antioxidants 17—24 mg/L 
4 methyl-2,6-ditertiary-butyl-phenol (215%), 

mixture of monomethyl 

and dimethyl-tertiary-butyl-phenols (=30%) 

2,4-Dimethy]-6-tertiary-butyl-phenol (=72%), Antioxidants 17—24 mg/L 


mixture of tertiary-butyl-methyl-phenols and 
tertiary-butyl dimethyl phenols (=28%) 


Diethylene glycol monomethyl ether 


Fuel system icing inhibitors 


0.10—0.15% (v/v) 


Hitec 580 Lubricity improvers 15-23 mg/L 
Octel DCI-4A Lubricity improvers 9—23 mg/L 
Octel DCI-6A Lubricity improvers 9—15 mg/L 
Nalco 5403 Lubricity improvers 12—23 mg/L 
Nalco 5405 Lubricity improvers 11—23 mg/L 
Tolad 4410 Lubricity improvers 9—23 mg/L 
Tolad 351 Lubricity improvers 9—23 mg/L 
Unicor J Lubricity improvers 9—23 mg/L 
Spec Aid 8Q22 Lubricity improvers 9—23 mg/L 
N,N’-Disalicylidene 1,2-propanediamine Metal deactivators <5.7 mg/L 
Stadis 450 Static dissipators <3 mg/L 
Tracer A Leak detection <1mg/kg 


“Information about other international specifications can be found in World Jet Fuel Specifications [6]. 


stability of the radicals via hyperconjugation. 
Stability of fuels with respect to hydrocarbon 
composition decreases from paraffins > 
naphthenes > aromatics > olefins > di-olefins 
[8], therefore, unsaturated alternative fuels will 
possess lower stability. 

An induction period is commonly encoun- 
tered prior to the initiation of autoxidation. In 
pure hydrocarbons, this is a result of the time 


required to build up a sufficient concentration 
of hydroperoxide in solution to allow propaga- 
tion of the chain reaction to proceed. In fuels, 
the induction period may also be the result of 
resonance stabilization of hydroperoxide radi- 
cals by impurities. The second phase of the 
process involves decomposition of the hydro- 
peroxide species formed during the radical 
chain reaction. There are several mechanisms 
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by which hydroperoxide decomposition can 
occur, depending upon the conditions of the 
reaction: free-radical, acid- or base-catalysed, 
and metal-catalysed. The products formed from 
the decomposition of the hydroperoxides can 
then produce a range of oxygenated species, 
such as alcohols, ketones, esters, ethers, and car- 
boxylic acids, as well as insoluble oligomeric 
species [9]. Insoluble products can agglomerate 
to form gums, sediments, or deposits detrimen- 
tal to fuel/engine performance [10]. Further, the 
physical and chemical properties of the fuel are 
altered, potentially leading to a decrease in the 
energy density of the fuel [11] and a susceptibil- 
ity to microbial contamination [10]. Production 
of carboxylic acids and peroxides provides an 
acidic environment, which can corrode metals, 
degrade elastomer materials, and further cata- 
lyse the oxidative degradation, creating a posi- 
tive feedback effect. 

Butyl-phenols are the only antioxidants 
approved for jet fuel [2]. The use of antioxi- 
dants effectively stabilizes the radicals through 
resonance effects and therefore retards the oxi- 
dation process. It has been postulated that 
while antioxidants may increase the induction 
period of a hydrocarbon by preventing the 
build-up of hydroperoxide species, they may 
not have a noticeable effect once the concentra- 
tion of these radical species reaches steady- 
state levels. Antioxidants can also influence 
the termination of the oxidation reaction by 
forming inactive radical species that will no 
longer propagate. Def Stan 91-91 states that a 
minimum of 17 mg/L of an approved antioxi- 
dant must be added to the proportion of the 
fuel blend that has been hydroprocessed, with 
the total concentration for the final fuel batch 
not exceeding 24 mg/L. Researchers are study- 
ing substituted phenols obtained from 
extracted and depolymerized lignin as a green 
alternative to current antioxidants [12]. This 
could potentially improve the economic viabil- 
ity of alternative fuel production from biomass 
resources [13]. 
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11.2.2 Metal Deactivators 


Metal ions in fuel can be effective catalysts 
for oxidation reactions, contributing to poor 
thermal stability (see Section 11.2.1). Metal 
deactivators are chelating agents that form 
stable complexes with metal ions that would 
otherwise engage in oxidation reactions [2]. 
Although metal contamination is not a com- 
mon problem in alternative fuels, transition 
metals such as iron, nickel, manganese, cobalt, 
and copper are commonly found in the metal- 
lurgy of storage tanks, barrels, ocean tankers, 
and rail tank cars. Metals known to be deleteri- 
ous to thermal stability include copper, zinc, 
cadmium, iron, and cobalt. Though metals 
themselves can act as catalysts for hydrocar- 
bon oxidation, organic substrates commonly 
encountered in fuel, such as naphthenates and 
stearates, for example, form fuel-soluble organ- 
ometallic complexes with cobalt, manganese, 
copper, nickel, and iron that are effective 
homogeneous oxidation catalysts [8]. El Naga 
et al. determined the extent of the oxidation of 
various metals and a Ni—Cr alloy by measur- 
ing the resulting viscosity, acidity, and the 
amount of insoluble materials produced, and 
found that copper caused the largest changes 
in these properties as well as the fastest rate of 
change. Iron, Ni—Cr, and aluminium affected 
the oxidation, but to a lesser degree than cop- 
per. This difference is most likely due to the 
solubility of the metals in the fuels themselves 
as copper is much more soluble in the fuel 
than iron, Ni—Cr, and aluminium. Solubility, 
viscosity, and acidity increases, suggesting a 
positive feedback of the oxidative degradation 
as the reaction progresses [14]. 

A metal deactivator additive (MDA) may be 
added to a fuel to counteract the effects of metal 
ions, provided that the nature of the conta- 
mination is specified beforehand; however, 
the use of MDAs to remedy off-specification 
fuel is prohibited. Only N,N’-disalicylidene- 
2-propanediamine has been approved for 
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aviation fuels (Fig. 11.1). MDA is a chelating 
agent that binds metal ions and prevents fuel 
degradation. The concentration of the active 
material during initial doping of the fuel should 
not exceed 2.0 mg/L. Cumulative addition of 
MDA when re-doping the fuel should not 
exceed 5.7 mg/L. It has also been observed that 
MDA improves thermal stability in the thermal 
stability test in the absence of metal ions. That it 
is why MDA can be used to improve thermal 
stability provided that the thermal stability test 
is determined before and after MDA addition 
and reported accordingly [2]. 


11.2.3 Lubricity Improvers/Corrosion 
Inhibitors 


Lubricity improvers were originally designed 
as corrosion inhibitors to protect uncoated steel 
tanks and pipelines from rusting and from 
corrosion caused by water and oxygen [7]. It was 
then discovered that they also improve the 
lubricity of fuels, and for this reason they are 
mandatory in all military and some civil turbine 
fuels [1]. Many aircraft fuel system components, 
especially pumps, rely on the fuel to lubricate 
moving parts [1]. Hydroprocessing of fuels 
removes trace components that provide the fuel 
with natural lubricating properties. That is 
why lubricity improvers are used to improve 
the lubricity of severely hydroprocessed jet fuels. 
Aviation fuels derived from the Fischer—Tropsch 
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FIGURE 11.2 Structure of dilinoleic acid. 
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(F—T) process, HEFA, and other hydroprocessed 
feedstock might require lubricity improvers. That 
is why Def Stan 91-91 demands, as part of the 
lubricity requirement, that the volume percent- 
age of severely hydroprocessed components be 
reported. The term hydroprocessed includes 
hydrotreated, hydrofined, and hydrocracked 
fuels. Lubricity improvers are usually long-chain 
alkylphenol ethoxylates, carboxylic acids, or 
esters, such as linoleic acid derivatives (ie, dilino- 
leic acid; Fig. 11.2) [15]. 

In general, the greatest lubricity effects are 
afforded by compounds containing a carboxyl 
group, which possesses the highest adsorption 
activity in the series of functional groups includ- 
ing esters, amines, and amides [16]. In all cases, 
the polar group adheres to the metal surface 
creating a thin layer of the additive on the sur- 
faces [7]. Because of their polar nature, these 
additives can have adverse effects on ground- 
based filtration systems and on fuel/water sepa- 
ration characteristics. Furthermore, most of the 
additives are so effectively adsorbed onto 
metal surfaces en route to the aircraft, that it 
creates issues regarding the correct additive 
loading in the fuel itself. This problem can 
only be rectified by either equilibration of the 
supply system downstream, or by additive 
injection at the point of entry to the aircraft [2]. 
A list of the approved lubricity improvers can 
be found in Table 11.1; Def Stan 91-91 allows 
the use of approved formulations without 
prior agreement between purchaser and sup- 
plier. The acidity of alternative fuels can also 
increase corrosion. Over time and the 
inevitable exposure to atmospheric oxygen, 
alternative fuel undergoes oxidation to pro- 
duce weak carboxylic acids, which lower the 
fuel’s pH [17]. 


OH 
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11.2.4 Static Dissipators 


Certain fuel-handling procedures, in partic- 
ular high-speed pumping and micro-filtration, 
can create charge separation at interfaces. This 
phenomenon is capable of producing high 
voltage gradients inside fuel storage areas and 
increases the risk of fire and explosion [18]. To 
eliminate this risk, a static dissipator additive 
is widely used in jet fuels. Static dissipators 
are added to improve the naturally poor con- 
ductivity of fuel, which is why they are also 
known as conductivity improvers. Jet fuel has 
very low natural electrical conductivity, usu- 
ally less than 5 pS/m. The minimum and max- 
imum fuel conductivity requirements for Def 
Stan 91-91 are 50 to 600 pS/m. Although the 
addition of a static dissipator is not mandatory 
under ASTM D1655, it is commonly injected 
into Jet A-1 at refineries [19]. Currently, Stadis 
450 is the only additive approved for use in 
aviation turbine fuels. Produced by Innospec 
LLC, the concentration on first doping of fuel 
is 3.0 mg/L, with a maximum concentration 
of 5.0mg/L permitted. Although the com- 
position is well protected by the manufacturer, 
the safety data sheet reports toluene, solvent 
naphtha, dinonyl-naphthalenesulphonic acid, 
propan-2-ol, naphthalene, dec-l-ene,and qua- 
ternary ammonium compounds, dicoco alkyl- 
dimethyl nitrites, and chlorides [20]. Previous 
safety [21] and 2011 product data sheets also 
report a polymer containing nitrogen and sul- 
phur (ie, a polysulphone and a polyamine 
[22]). Polysulphone is a co-polymer of an 
alkene with sulphur dioxide, with a repeating 
unit as depicted in Fig. 11.3. Computational 





FIGURE 11.3 Structure of the polysulphone component. 
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modelling suggests that when R, and R; are 
alkyl, the polymer may adopt local helical 
arrangements stabilized via non-bonded short- 
range interactions between nearby SO, groups 
[23]. A longitudinal dipole moment accom- 
panies these helical arrangements, thereby 
imparting the unusual dielectric properties 
observed for these molecules. Importantly, 
when dissolved in apolar solvents such as 
benzene, toluene, or cyclohexane, the dipole 
moment of the polymeric material increases, 
presumably because intramolecular electro- 
static attractive interactions lead to the 
formation of relatively stable helical domains 
within the polymer. 

The complex conductivity response of 
Stadis 450 towards sodium salts and organic 
acids has received some attention; however, 
the precise dynamic molecular mechanisms 
responsible for these observations require fur- 
ther work [24]. 


11.2.5 Biocides 


Biocides are added to prevent the growth of 
microorganisms that can produce bacterial 
films, clog fuel filters, and also generate corro- 
sive by-products [25]. Fuel is sterilized by the 
refinery process because of the high tempera- 
tures, yet microorganisms such as bacteria and 
fungi can enter the fuel as soon as it is in con- 
tact with air and water. 

Microbial contamination has been recognized 
as a problem in aviation fuel since the 1950s. 
A list of microbial contaminants found in jet fuel 
has been compiled by Denaro et al. [26]; bacteria 
are the predominantly recovered populations in 
JP-8 tank sumps [27]. All aviation fuels contain 
hydrocarbons, nitrogen, sulphur, phosphorus, 
and oxygenated organic compounds, organome- 
tallic species, and other metal salts. These mole- 
cules provide essential nutrients for bacterial 
and fungal growth [28]. Water is also an essen- 
tial factor in microbial contamination, therefore, 
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controlling the water content in fuel is the most 
recommended method for controlling microbial 
activities [29,30]. 

Oxygenated fuels are unlikely to be 
approved for use in aviation given the thermal 
stability of some, and the water solubility of 
others; they are also less energy dense. There 
is also the problem that oxygenated alternative 
fuels are more hydrophilic than conventional 
aviation fuels because of the presence of 
hydroxy and ester functional groups; they 
therefore dissolve more water and are at 
greater risk of microbial contamination. 
Furthermore, fatty acid esters, such as FAME, 
produce a favourable environment in which 
microbes can proliferate because the microbes 
can use them as an energy source [31]. Besides 
causing the degradation of fuel and the pro- 
duction of biosurfactants in the fuel system, 
the accumulation of biomass and biofilm can 
result in restriction of fuel flow, filter clogging, 
disruption of the operation of moving parts 
such as valves and pumps, and malfunction of 
automatic gauges [32]. Biofilms are also the 
root cause of microbiologically influenced 
corrosion. The microbes that comprise bio- 
films are generally embedded in a complex, 
heterogeneous, extracellular polymeric sub- 
stance (EPS) matrix [33]. The current model 
for biofilm architecture suggests that biofilms 
contain channels and pores to increase the 
overall surface area and help with the trans- 
port of nutrients [28]. This causes biofilms to 
have greater population density and bio- 
chemical activity than the bulk fluid that they 
interface with [27]. Aerobic and facultative 
anaerobic microbes tend to grow at the 
interface of the EPS and the bulk fluid. These 
microbes scavenge oxygen, thereby creating 
an anoxic environment. This condition 
allows sulphate-reducing bacteria and other 
hydrogenase-positive anaerobes to thrive [28]. 
The metabolites produced by these microbes 
contain weak organic acids that can react with 
inorganic salts (eg, chlorides, nitrates, nitrites, 
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and sulphates) in the fuel to form strong inor- 
ganic acids that can contribute to corrosion 
[34]. The inorganic acids produced include 
hydrochloric, sulphuric, nitrous, and nitric 
acids. The metabolites produced can nega- 
tively affect metals and metal alloys, consume 
corrosion inhibitors, degrade and dissolve 
protective coatings and films, and facilitate 
pitting corrosion [35]. Mitchell et al. [36] also 
observed that composite materials, regardless 
of polymer or fibre composition, and exposed 
to fungal growth, were subject to microbiolog- 
ically influenced corrosion. 

In the early 1960s, an unexpected solution to 
microbial contamination arose when ethylene 
glycol monomethyl ether (EGME) was intro- 
duced into JP-4 fuel because of its properties as a 
FSII; it was found to exhibit biostatic properties. 
However, the replacement of EGME with the less 
toxic diethylene glycol monomethyl ether 
(DiEGME) in the early 1980s resulted in a steady 
increase in microbial contamination of aviation 
fuel systems [26]. This led to the addition of bio- 
cides to jet fuel to help with the control of micro- 
bial contamination. Def Stan 91-91 makes no 
direct reference to biocides, however, there are 
currently two biocides approved for use in jet 
fuel [7]. A mixture of 5-chloro-2-methyl-4-isothia- 
zolin-3-one and 2-methyl-4-isothiazolin-3-one is 
approved and commercialized as Kathon FP1.5. 
A mixture of 2,2’-oxybis(4,4,6-trimethyl-1,3,2- 
dioxaborinane) and 2,2’-(1-methyl-trimethylene- 
dioxy)-bis-(4-methyl-1,3,2-dioxaborinane) is also 
approved outside the European Union, and com- 
mercialized as Biobor JF. The approved concentra- 
tions are 270 mg/kg for Biobor JF, and 100 ppm 
(v/v) for Kathon FP1.5. Biocides are permitted by 
engine and airframe manufacturers for intermit- 
tent use during maintenance turnaround. The air- 
craft are refilled and fully dosed, and as a general 
rule, will fly on the treated fuel until the additive 


has been depleted. 
The biocidal mechanism of action for iso- 
thiazolinones — the active agents in Kathon 


FP1.5 — is the oxidation of accessible cellular 
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thiols and sulphydryl groups [37]. Because of 
this, the use of isothiazolinone-derived bio- 
cides has resulted in a large number of 
reported cases of human occupational expo- 
sure. Exposure of highly concentrated stock 
solutions (containing 1.5% of the active ingre- 
dients) during the dilution process can result 
in caustic burns, contact dermatitis, and aller- 
gic sensitization [38]. Although the neurotoxic 
consequences of both acute and chronic 
exposure to methylisothiazolone and related 
biocides in humans still requires investigation, 
studies demonstrate that they are potent 
neurotoxins [39]. Boron compounds are con- 
sidered to have a nonspecific mode of action 
because they attack multiple targets in micro- 
bial cells. They can be linked to two possible 
major processes: inhibition of membrane pro- 
teins and inhibition of enzymes and co- 
enzymes within cells. Borate esters kill 
hydrocarbon-ingesting microorganisms with a 
lower concentration of boron than does boric 
acid, however, in aqueous solutions, organobo- 
rates are hydrolysed to boric acid and an 
organic alcohol. Boric acid can interact with or 
pass through the membrane of the microbial 
cell and interfere with many enzymatic 
processes in the cell by reacting with 
hydroxyl-rich compounds such as phospholi- 
pids, lipopolysaccharides, and glycoproteins 
[40]. Because of their toxicity, and preference 
for solubility in water phases, water collected 
from fuel tank drains containing biocides need 
to be disposed of appropriately [7]. 

Although biocides are highly effective in 
stopping microbial growth, they still have their 
limits. For example, if there is heavy accumu- 
lation of biofilm on the surface of the tank or 
other equipment, the biocide may not be able 
to reach the microbes living deep within the 
biofilm; in this case, the only remedy is to 
drain and manually clean the tank [7]. 
Furthermore, antimicrobial resistance con- 
tinues to pose a serious problem not just to the 
aeronautical industry, but to society as a 
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whole. The natural phenomenon of antimicro- 
bial resistance is being accelerated by the mis- 
use of agents [41]; therefore, the prophylactic, 
large-scale deployment of biocides for com- 
mercial purposes is difficult to justify. 


11.2.6 Fuel System Icing Inhibitors 


FSII are added to prevent ice formation. 
These additives dissolve in any free water that 
forms, lowering the freezing point of the mix- 
ture by preventing crystallization [7]. 

Dissolved water is ordinarily considered to 
be a constituent of jet fuel, and has no effect 
on the aircraft fuel system performance as it is 
vaporized during combustion [42]. Free water 
and water emulsions are, however, potentially 
hazardous and must be avoided [1]. Free water 
can enter aviation fuels from numerous 
sources, including during transportation or 
storage [1]. Even if jet fuel enters the aircraft 
tanks without free water, this does not prevent 
its formation. Indeed, dissolved water in fuel 
will precipitate out of solution in the form of 
micro droplets as the fuel temperature 
decreases during operation when the aircraft 
climbs to altitude [43]. Since the hygroscopic 
capacity of a fuel is determined by the water 
solubility of the individual chemical compo- 
nents, oxygenated alternative fuels such as 
alcohols, lactones, and furans will be able to 
dissolve more water compared to petroleum- 
based fuels. 

On the contrary, the solubility of water in 
synthetic paraffinic kerosene blends is approxi- 
mately 25% to 30% lower compared with Jet 
A-1 because they contain less heteroatoms, 
aromatics, and other polar compounds [44]. Jet 
A-1 containing a higher concentration of aro- 
matics is also found to possess a higher affinity 
towards water, and tends to shed the greatest 
quantity of water as the temperature decreases 
[45]. At high altitudes, and therefore freezing 
temperatures, the separated water may form 
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ice and the dispersed water may form a 
water-fuel slush or small particles of ice and 
snow suspended in the fuel [46]. This can 
create fuel flow problems. Microscopy experi- 
ments of water droplets in the micron range 
immersed in Jet A-1 demonstrate that fuel 
does not catalyse ice formation, and the dro- 
plets freeze homogeneously at temperatures 
between —36°C and —39°C [47]. However, ice 
nucleation can be encouraged by the presence 
of a foreign substrate, such as dust, rust, dirt, 
or other ice-forming nuclei [48]. This is called 
heterogeneous nucleation, and it is believed to 
be the most common process of ice formation 
in the fuel system. Factors such as turbulent 
flow, impurities, and cold metal surfaces in the 
aircraft feeding system can catalyse the nucle- 
ation process of supercooled water droplets at 
temperatures much higher than those required 
for homogenous nucleation [49]. 

FSII are hydrophilic substances that dissolve 
in free water. In doing so, the hydrogen- 
bonding networks responsible for molecular 
ordering are disrupted, and the freezing point 
of water is lowered by preventing crystalliza- 
tion [50]. Since EGME was banned because of 
its toxicity to humans and the environment, 
the only FSII currently approved for Jet A, Jet 
A-1, and military fuels is DiEGME (Fig. 11.4) 
[1]. The concentration of DiEGME must be in 
the range of 0.07—0.15% (v/v) [51]. 

Currently, the use of FSII is required in UK 
and US military jet kerosene, and although 
optional in many civilian specifications, it is 
very rarely used. This is because most com- 
mercial aircraft have heaters on their main fuel 
filters to melt any ice that is collected, whereas 
many military aircraft do not have these hea- 
ters and require FSII. As defined in Def Stan 
91-91, concentrations of less than 0.02% by 
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FIGURE 11.4 Structure of diethylene glycol mono- 
methyl ether (DIEGME). 
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volume can be considered negligible and do 
not require agreement/notification; this facili- 
tates the changeover from fuels containing FSII 
to those not containing FSII. 

At the approved concentrations, Trohalaki 
et al. [52] found that water (0.007%, v/v) in jet 
fuel freezes below —33°C. DiEGME has also 
proved to be an effective deterrent to microbial 
growth [1]. However, the aviation industry has 
identified several problems related to the inter- 
action of FSII and ‘wet’ fuel, which can actu- 
ally undermine fuel protection: 


e DiEGME is hygroscopic. This characteristic 
leads to an uptake of atmospheric water 
during blending operations, which affects 
its solubility in fuel. 

e DiEGME has a very high water-fuel 
partitioning ratio, and it preferentially 
dissolves in water. This leads to denser 
water layers separating under gravity with 
up to 40—50% (m/m) of DiEGME. Unless 
replenished, the jet-fuel is essentially 
‘stripped’ of its protection against icing. 

e The presence of DiEGME in the water 
contained within the fuel alters interfacial 
properties, and can impair the performance 
of filters. Particularly, the separation 
efficiency of filter/coalescers can be 
compromised [53]. 

e A water phase that is sufficiently enriched 
with DiEGME will extract nitrogen and 
sulphur-containing compounds from the 
fuel and additives present, forming an 
‘Apple Jelly’. If the water /DiEGME- 
enriched phase is subsequently passed 
through water monitor filters, the mixture 
can extract the sodium polyacrylate water 
adsorption media, resulting in a higher 
viscosity non-Newtonian ‘thick apple 
jelly’ [54]. 


In addition, FSII are toxic at the concentra- 
tions required to be effective. Water drained 
from sumps of storage tanks and fuel systems 
inevitably contain higher concentrations of 
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DiEGME, creating concerns about the handling 
and disposal of these wastes [55]. FSII are only 
mildly irritating, but they are rapidly absorbed 
by the skin. Vapours can cause irritation to the 
eyes and the respiratory system. Long-term 
effects include damage to the central nervous 
system, blood, skin, eyes, and kidneys [56]. 
DiEGME is biodegradable in wastewater treat- 
ment systems; however, concentrations found 
in sump water could be high enough to disrupt 
microbiological decomposition. In the environ- 
ment, the high oxygen demand required for 
decomposition results in there being less 
oxygen available for aquatic organisms [57]. 
FSII may also serve to inhibit fungal and 
bacterial growth in aircraft fuel systems, 
but are not approved as biocides because 
of their biostatic function. Over the years 
many other compounds have been studied as 
substitutes for DiEGME, however, none of 
them to date have gone through the lengthy 
approval process [52,55,58,59]. 


11.2.7 Thermal Stability Additives 


Alternative fuels with high oxygen content 
will suffer from poor thermal stability. 
Currently, thermal stability additives are only 
permitted for use in certain military jet kero- 
sene, and are not approved for use in Jet A or 
Jet A-1. Modern military jet engines require 
aviation fuel that has a higher thermal stability 
and heat sink capacity than is currently 
available. The US Military has, in conjunction 
with additive suppliers, developed an additive 
package that provides these benefits when 
added to jet fuel. The additive increases the 
thermal stability of JP8 jet fuel by 100°F, 
which is why it is referred to as ‘+100’. 
Unfortunately, it is incompatible with current 
commercially available filter/water separators, 
therefore it should be added after water coales- 
cer systems, and as close as possible to the 
skin of the aircraft. The following additives are 


11. CURRENT AND POTENTIAL AVIATION ADDITIVES FOR HIGHER BIOFUEL BLENDS IN JET A-1 


approved: AeroShell Performance Additive 101, 
Spec Aid 8Q462, JFA-5, Turboline FS100 and 
FS100C, and BASF Kerojet 100; the recom- 
mended dose is 256 mg/L [6]. Additives BP/ 
Lubrizol OS 169558F, Nalco VX-7603, and 
Infineum/ExxonMobil NB31011-33 are being 
evaluated as next-generation thermal stability 
additives [60]. Experience has demonstrated 
that JP-8 + 100 significantly reduces unsched- 
uled maintenance, maintains cleaner engine 
components, and drastically reduces soot 
build-up on hot engine components. 

There are various mechanisms to improve 
fuel thermal stability, including metal deacti- 
vation, suppression of oxidation, dispersancy, 
detergency, and precursor stabilization. The 
additives concentrated on the operation of the 
first four mechanisms listed above, through 
the use of a proprietary detergent/dispersant 
species, are formulated together with a com- 
mercial antioxidant (butylated hydroxyto- 
luene) and MDA [61]. It is also believed that 
detergent-type additives may have long-term 
beneficial effects on emissions as fuel nozzles 
become cleaner and fuel atomization is 
improved [62]. 


11.3 LOOKING TO THE FUTURE: 
POTENTIAL ADDITIVES FOR 
ALTERNATIVE FUELS 


11.3.1 Seal Swelling 


The Def Stan 91-91 specification for Jet A-1 
states a required minimum aromatic compo- 
nent of 8% (v/v) for fuels containing synthetic 
hydrocarbons [63]. One of the important prop- 
erties of aromatic compounds in fuel is to per- 
meate and swell the nitrile O-rings in the fuel 
delivery system, thus providing an airtight 
seal. As many potential drop-in alternative jet 
fuels are entirely aliphatic in nature, the lack 
of aromatics may cause some of these 
elastomers to shrink, leading to fuel leaks [64]. 
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The current solution is to mandate the blending 
synthetic kerosenes with petroleum-derived jet 
fuel in order to ensure that a minimum aro- 
matic content is maintained. However, the 
blending decreases many of the potential bene- 
fits of using a fully synthetic fuel, as adding 
aromatic species will also increase the amount 
of soot formed on combustion, water solubility, 
and the cost of blending. 

Seal swelling additives could be an alterna- 
tive option in order to fulfil this vital function, 
and at concentration levels much lower than 
those considered for blending. Since nitrile 
rubber O-rings used with fuel are typically 
made of polyacrylonitrile and polybutadiene, 
computational modelling has determined that 
species having the potential for dual interac- 
tions, one with the polar nitrile group and the 
other with the electron density in the butadi- 
ene system, will provide the highest degree of 
swelling [65]. Graham et al. conducted a study 
of the elastomer-swelling propensity of a range 
of aromatic species and found that it increased 
with increasing polarity and H-bond character, 
and decreased with increasing molecular 
weight [66]. Compounds possessing an aro- 
matic ring with a polar substituent, such as 
phenols, naphthols, and benzyl alcohol, are all 
promising candidates, however, environmental 
and fuel performance concerns have deter- 
mined benzyl alcohol to be the seal swell addi- 
tive of choice. Synthetic fuels blended with 1.0, 
0.75, and 0.5% (v/v) of benzyl alcohol have 
demonstrated a comparable capacity for seal 
swelling as petroleum jet fuel [65], however, 
aircraft fuel system and engine effects will 
need to be studied and quantified before such 
additives can be considered for use. 


11.3.2 Soot Removers 


Particulate matter can either be emitted 
directly or formed in the atmosphere by 
the transformation of gaseous emissions of 
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compounds, including nitrogen oxides, volatile 
organic compounds, and sulphur oxides. Since 
these fine particles contain high amounts of car- 
bon, they are usually referred to as soot. 
Studies have shown that these airborne parti- 
cles pose both health and environmental risks. 
Most particulate matter from aircraft engines 
possess diameters less than 2.5 um [67]. Diesel 
cetane improvers and commercial smoke abate- 
ment additives were tested in a helicopter 
engine and found to have minimal impact on 
particulate emissions, however, they are cur- 
rently prohibited for aviation use. Positive 
reductions of particle number density were 
shown for some additives, but at relatively high 
concentrations (>1%, v/v) [62]. 

Commercial additives Fuel Fix and Viscon 
were also studied. They use high-molecular- 
weight polymers to prevent the rapid vapori- 
zation of the fuel’s higher volatility compo- 
nents in the combustion chamber, and 
promote the vaporization and combustion of 
all fuel components uniformly. The manufac- 
turers of Fuel Fix and Viscon have observed 
significant reductions in gaseous emissions 
(CO, HC, and NO,) and fuel consumption 
with increased engine power with their addi- 
tives in internal combustion engines. 

Several commercial additives designed to 
reduce emissions by altering the combustion 
process were also studied. Kleen Fuel is a blend 
of aliphatic nitro compounds, which report- 
edly has active components that break down 
to release oxygen. The oxygen released from 
these nitroparaffin groups is used to burn the 
remaining hydrocarbon components in the 
combustion chamber to improve engine per- 
formance and reduce emissions. RxP is a 
hydrocarbon blend that reportedly contains a 
molecule that absorbs a large portion of the 
infrared radiation emitted during the combus- 
tion process. The unburned fuel is preheated 
(producing higher combustion temperatures), 
and the heat loss to the combustor chamber 
wall is reduced to produce more efficient 
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engine operation and lower emissions. Enviro 
Max is a combination of a heterogeneous cata- 
lyst and a combustion promoter. The homoge- 
nous catalyst consists of micron-sized particles 
of solid zinc oxide/peroxide suspended in 
selected solvents, which are blended with the 
proprietary combustion promoter and tert- 
butyl hydroperoxide. It should be noted that 
in the pre-mixed EMP/JP-8 blend, a significant 
amount of the additive separated from the fuel 
and settled in the bottom of the fuel reservoir. 
This characteristic most likely prevented a 
homogenous fuel/additive mixture, and obvi- 
ously makes the present formulation of EMP 
an undesirable additive for jet fuel. Wynns 
Emissions Control + Plus + additive is also 
reported to be an emissions reduction additive; 
however, specific details about its functionality 
are not defined [62]. 

There are many reasons why an additive 
that is effective in reducing emissions on a die- 
sel engine may be ineffective in a jet-fuelled tur- 
bine engine. In general, turbine engines operate 
at higher combustion efficiencies than their 
internal combustion counterparts, and jet fuels 
have lower aromatics (proposed soot precur- 
sors) than both diesel and gasoline fuels. 
Furthermore, diesel engines operate at higher 
pressures and temperatures than jet engines, 
and the fuel distribution within their cylinders 
are non-uniform, which increases the fuel-rich 
zones and promotes the formation of soot par- 
ticulate. Therefore, the challenge of reducing 
harmful PM2.5 emissions from aircraft turbine 
engines is significantly greater [62]. According 
to John Ambrust, publisher of World Jet Fuel 
Report, additives to cut down on carbon and 
sulphur emissions will soon become even more 
important in the effort to reduce contrails. 


11.3.3 Water Scavenger Additives 


Oxygenated alternative fuels have a higher 
water solubility compared to petroleum-based 
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fuels, therefore water management can be a 
serious drawback. There are two novel 
approaches currently being examined to 
remove the potential free-water phase that can 
accumulate in the fuel system. BASF Kerojet 
Aquarius is a non-hygroscopic additive that 
encapsulates the water naturally present in the 
fuel by forming a molecular ‘cage’ or micelle 
around the water molecules. Aquarius does not 
chemically react with the fuel, nor with water, 
and the Aquarius micelle will only encapsulate 
the water molecules. Fuel treated with 
Aquarius remains as a single phase throughout 
the flight, and the water contained by Aquarius 
is removed and burnt with the fuel during 
flight. Aquarius is added to the fuel after the 
final filtration stage of the aircraft refuelling 
process [68]. 

Another approach is predicated upon the 
addition of lipophilic cyclic geminal ethers, 
which are readily hydrolysed by mild acidic 
conditions to produce hydrophilic ice inhibi- 
tors (Fuel Dehydrating Icing Inhibitors) [4]. 
Because oxygenated alternative fuel undergoes 
oxidation to produce weak carboxylic acids, 
the inherent acidity proves sufficient to cata- 
lyse the hydrolysis of cyclic geminal ethers. 
Although the development of this new class of 
additive is still at an early stage, it has created 
a certain amount of interest in the industry. 
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12.1 INTRODUCTION 


In a reactive perspective, the consumer starts 
to worry about pollution only after using the 
product, without considering the embodied 
impacts in the product — that is, the amount of 
resources and the pollution generated along its 
production process and distribution. However, 
the search for an efficient consumption, under 
increasing environmental awareness, motivates 
the analysis throughout the life cycle of the pro- 
ducts, known as Life Cycle Assessment (LCA). 
In recent years, LCA has been frequently used 
to provide an environmental basis for the deci- 
sion making, while offering consumers a wider 
view of the product. 

LCA is a structured, comprehensive, and 
internationally standardized method, yet there 
is no single method for conducting it. It quanti- 
fies all relevant emissions and resources con- 
sumed, and the related environmental and 
health impacts and resource depletion issues 
that are associated with any goods or services 
[1,2]. The comprehensive scope of LCA is use- 
ful in order to avoid problem-shifting, for 
example, from one phase of the life cycle to 
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another, from one region to another, or from 
one environmental problem to another [3]. 

Several studies have presented this kind of 
analysis for the production and use of fuels, 
including biojet fuels, although only a few. But 
LCA will become increasingly important for 
international aviation as it will subsidize the 
assessment of the progress towards achieving 
the sector’s aspirational goal on greenhouse 
gas (GHG) emissions [4]. This chapter presents 
the main methodological aspects of LCA and 
discusses the main published studies regard- 
ing biojet fuels. 


12.2 HISTORICAL ASPECTS AND 
DEFINITIONS 


According to ISO 14040:2009 [2], which pro- 
vides the basic guidelines for conducting this 
analysis, LCA can be defined as a compilation and 
evaluation of inputs, outputs, and the potential envi- 
ronmental impact of a product throughout its life 
cycle. In turn, EPA [5] defines LCA as a ‘cradle- 
to-grave’ approach to industrial systems — that 
is, starting with the natural resources used as 
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raw materials in the processes, and ending with 
the residues generated by the consumption of 
the products that return to nature. 

By this definition, it is noted that the focus 
of the LCA is directly on the product/service, 
and it results from two groups of parameters: 


1. Inputs and outputs on or at the boundaries 
of the analysed system from which the 
respective product is obtained. 

2. Environmental impacts associated with 
these inputs and outputs. 


Among the advantages commonly observed 
with the use of LCA, we can cite the following: 


e Allows a quantitative assessment of the 
environmental performance of the entire 
production process indicating critical points. 

e Supports decision makers in the productive 
sector to select the best alternatives for the 
process considering the environmental 
aspects. 

e Supports product labelling programs. 

e Supports consumers in selecting the best 
product for the environment. 


According to the work in Refs [5,6], the first 
LCA was conducted in 1969 by the Midwest 
Research Institute, when different drink con- 
tainers for Coca Cola Company were analysed 
with the aim of selecting the option with the 
lowest effect on natural resources. This meth- 
odology was named Resource and Environmental 
Profile Analysis (REPA) in the United States and 
Ecobalance in Europe, consisting primarily of 
the inventory of inputs and outputs of the pro- 
duction system. Between 1970 and 1975, 
approximately 15 REPAS were developed, 
together with protocols for standardization of 
methodologies. With the oil crisis (1973 and 
1975), the interest in the accounting of energy 
flows in production processes has intensified, 
and many Energy Analysis and Energy Balances, 
with the guidelines of REPA, were conducted. 
After all, for the industrial sector, it became 
strategic to quantify the characteristic energy 
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flows of production processes, checking the 
feasibility of alternatives to reduce losses or 
mitigate the dependence on fossil fuels. 

The Energy Analysis can be defined as the 
systematic study of energy flows through a pro- 
duction system in order to estimate the amount 
of energy inputs required to produce some 
goods, and to identify and locate the associated 
losses. With this analysis, the embodied energy 
in a product can be determined — that is, the 
energy required to produce it, and to compare 
it, in the case of fuels, with the amount of net 
energy delivered by the product (net energy 
analysis). In addition to the criterion for select- 
ing processes with the lowest energy cost, 
this analysis provided consistency to programs 
aimed at the reduction of energy consumption 
or use of renewable sources. 

In this context, as mentioned by Wilting [7], 
several researchers in the 1970s and 1980s 
began to account for and analyse the energy 
requirements in various industries. For 
instance, Berry and Fels [8] estimated the 
energy cost of cars, while Chapman [9] evalu- 
ated copper and aluminium, as well as some 
fuels. Employing economic input-output analy- 
sis, Wright [10] and Bullard and Herendeen 
[11] assessed the energy cost of goods and ser- 
vices. Hannon [12] compared the energy inten- 
sities of economic sectors as to the function of 
the intensity of work, and Leach [13] accounted 
for the energy flows in food production. 

In the mid-1980s, the high production of 
domestic waste, due to the increasingly heavy 
use of packages and food waste, encouraged 
the resurgence of LCA in the United States 
with interest in analysing packages. From the 
1990s, according to EPA [5], some American 
attorneys highlighted the concerns about the 
use of LCA methodologies for classifying pro- 
ducts without standardization. After all, dis- 
cordant results due to different databases and 
lack of a general methodology justified the 
need for standardization of the technique. At 
the same time, the increased interest in 
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FIGURE 12.1 Accumulated publication of scientific articles cited in Scopus Database using specific terms (in between 


quotes, ‘’) expressed in the title, abstract, or keywords. 


environmental issues has stimulated research- 
ers and experts to refine and expand the meth- 
odology beyond a simple inventory, seeking to 
define standardized guidelines. 

During the 1990s, the Society of Environmental 
Toxicology and Chemistry played a leading and 
coordinating role in bringing LCA practitioners, 
users, and scientists together to collaborate on the 
continuous improvement and harmonization of 
the LCA framework, terminology, and methodol- 
ogy [14]. In 1994, ISO engaged in LCA focused on 
the formal task of standardization of methods and 
procedures. As a result, ISO produced the ISO 
14040:1997 standard (which provided the princi- 
ples and framework for LCA studies), among 
other related standards. These standards were 
later replaced by the two current standards: ISO 
14040:2006 and ISO 14044:2006 [2,15]. It must be 


‘Available in http://www.scopus.com/. 


noted, however, that ISO never aimed to stan- 
dardize LCA methods in detail [14], and points 
out that there is no single method for conducting 
LCA. 

Today LCA is a much disseminated tool, 
being largely used in scientific publications, 
with a remarkable increase in usage since the 
2000s (Fig. 12.1). From the Scopus Database,’ up 
until 2014, around 7000 articles were tracked 
using ‘Life Cycle Assessment’ in the title, 
abstract, or keywords. Approximately 60% of 
these articles covered ‘energy’, while more 
than 40% addressed GHG emissions. Articles 
about jet fuel LCA, however, are more recent 
and are still limited in number. 

LCA also became part of policy documents 
and legislation. For instance, for a biofuel to 
qualify as a renewable fuel under the US 
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Renewable Fuel Standard Program (RFS2),7 
among other requirements, it must achieve an 
established life cycle GHG threshold compared 
to a 2005 petroleum baseline. In California, the 
primary goal of the Low Carbon Fuel Standard 
regulation is to reduce the life cycle carbon 
intensity of transportation fuels used in the 
state by at least ten percent by 2020 from a 
2010 baseline [16]. In Europe, the Renewable 
Energy Directive also established required life 
cycle GHG emissions savings as a sustainabil- 
ity criterion for biofuels and bioliquids [17]. 

Regarding the aviation sector, the 37th 
Assembly of the International Civil Aviation 
Organization (ICAO) [18] defined a global aspi- 
rational goal of keeping the global net carbon 
emissions associated to international aviation 
operations from 2020 at the same level. The use 
of biofuels is accounted among the alternatives. 
Assessing fuel life cycle emissions is a particu- 
lar topic for which increased harmonization 
amongst aviation stakeholders is important to 
acquire a shared understanding of the potential 
benefits of alternative fuels. Therefore, the 
Alternative Fuels Task Force was created within 
the ICAO technical body on environment, and 
was tasked to develop a methodology to assess 
fuel life cycle emissions, which should be 
applied for the quantification of the emissions 
associated to a projected production of alterna- 
tive jet fuels by 2050 [19]. 

Despite the traditional focus on environmental 
issues, other perspectives have emerged in LCA 
applications. The work in UNEP/SETAC [20] sug- 
gested a wider LCA, covering all pillars of sus- 
tainability, called Life Cycle Sustainability 
Assessment (LCSA). In this case, similar 
approaches to existing methodologies for asses- 
sing the environmental dimension would cover 
the economic (Life Cycle Costing, LCC) and social 
(Social Life Cycle Assessment, S-LCA) 
dimensions. But LCSA also broadens the scope 
from predominantly product-related questions 
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(product level) to questions related to sector (sec- 
tor level) or even economy-wide levels (economy 
level). As mentioned by Guinée et al. [14], unlike 
LCA, LCSA is a framework of models rather than 
a model in itself. The need to refine and standard- 
ize methodologies, as seen in the early stages of 
LCA, would also apply to these newer 
approaches. Thus, structuring, selecting, and mak- 
ing the plethora of models practically available in 
relation to different types of life cycle sustainabil- 
ity questions is then the main challenge [14]. 


12.3 LCA GUIDELINES 


According to ISO [2], LCA consists of four 
phases, as shown in Fig. 12.2, which are detailed 
below. 


12.3.1 Scope — Goal and Scope 
Definition 


In this phase, the goals of the intended 
study are defined, together with some items 
that will feature the analysis, such as the prod- 
uct system, the functional unit, system bound- 
aries, allocation procedures, and others. 

The product system is composed by the unit 
processes that are within the system boundary. 
Fig. 12.3 presents a generic product system 
composed by two production stages (in addi- 
tion to the end use), which are composed by 
four processes: A, B, C, and D. When establish- 
ing the system boundary, the unit processes 
within it are defined, as well as the input and 
output flows to be assessed. Note that in 
Fig. 12.3 general flows are listed; in a real anal- 
ysis such flows can be disaggregated. Ideally, 
the product system should be modelled in 
such a manner that inputs and outputs at its 
boundaries are elementary flows. But some 
care must be taken to avoid expending 
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resources on the quantification of inputs and 
outputs that will not significantly change the 
overall conclusions of the study. 

The use of different boundaries is one of the 
limitations when comparing different LCA 
studies. The assessment can be conducted from 
the ‘cradle-to-grave’ — or well-to-wake (WTWa) 
for aviation fuels, or well-to-well (WTW) for 
road transportation fuels — when the bound- 
aries go from acquisition of raw materials up to 
end-use and disposal, if applicable. “‘Cradle-to- 
gate’ studies do not include the use of the prod- 
uct, and the ‘gate-to-gate’ approach considers 
only one step of the production process. In 
well-to-tank studies, the boundary goes up to 
the delivery of the fuel to market. 

Another important point is: LCA is a relative 
approach that is structured around a functional 
unit. This functional unit defines the quantifica- 
tion of the identified functions (performance 
characteristics) of the product and provides a ref- 
erence to which the inputs and outputs are 
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related. All subsequent analyses are then relative 
to that functional unit. In the case of biofuels, ref- 
erence flows commonly used refer to their mass, 
volume, heating value, or the service/function 
they provide (eg, kilometres travelled). 

An emerging issue regarding the goal and 
scope definition is the differentiation between 
attributional LCA (ALCA) and consequential 
LCA (CLCA), with the former being more widely 
used for historical and practical reasons. They 
represent from their logic the two fundamentally 
different situations of modelling the analysed 
system [1]. ALCA is defined by its focus on 
describing the environmentally relevant physical 
flows to and from a life cycle and its subsystems, 
while CLCA is defined by its aim to describe 
how environmentally relevant flows will change 
in response to possible decisions [3]. In attribu- 
tional modelling, the system is hence modelled 
as it is or was (or is forecasted to be), whereas 
CLCA models a hypothetical, generic supply- 
chain prognosticated along market-mechanisms, 
and potentially includes political interactions 
and consumer behaviour changes [1]. 

The different focuses of attributional and con- 
sequential LCA are reflected in several method- 
ological choices in LCA, so the distinction is 
relevant when discussing system boundaries, 
data collection, and allocation [3]. In relation to 
this last aspect, the allocation procedures are 
common when the product system produces 
more than one product (multifunctional pro- 
cess): the main product or the interested prod- 
uct, and other co-products. In these cases, the 
question to be solved is: what is the effective 
environmental impact associated to the main 
product when other products are obtained 
together with it? Or how to allocate all inputs 
and outputs to the main product? In fact, the 
approach for solving multifunctional processes 
is one of the most critical issues in LCA. 
According to the ISO hierarchy [2], wherever 
possible, allocation should be avoided by 
process subdivision, or by expanding the prod- 
uct system to include the additional functions 
related to the co-products. This can mean to add 
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another, not-provided function to make systems 
comparable (ie, system expansion in the stricter 
sense), or to subtract the not-required func- 
tion(s) substituting them by the ones that are 
superseded/replaced (ie, substitution by sys- 
tem expansion). Strictly speaking, system 
expansion and substitution are the correspond- 
ing approaches under consequential modelling 
for solving multifunctionality [1]. 

Where allocation cannot be avoided, the ISO 
standards advise that the inputs and outputs of 
the system should be partitioned between its 
different products or functions in a way that 
reflects the underlying physical relationships 
between them (ie, they should reflect the way 
the inputs and outputs are changed by quanti- 
tative changes in the products or functions 
delivered by the system). Lastly, where physi- 
cal relationship alone cannot be established 
or used as the basis for allocation, the inputs 
and outputs should be allocated between the 
products and functions in a way that reflects 
other relationships between them (eg, economic 
value of the products). 

It is clear that the use of different allocation 
methodologies can result in different environ- 
mental performances, especially where signifi- 
cant quantities of co-products are obtained, 
like biofuel processes. Regardless of which 
method is adopted, it is important to make 
clear the considerations for future comparisons 
with other analyses [21]. 


12.3.2 Inventory — Life Cycle 
Inventory Analysis 


In this phase, the flows, considered in the 
analysis according to the previously defined 
boundaries, are evaluated using qualitative 
and quantitative data. These flows must 
always refer to the same functional unit, pay- 
ing attention to the data collection method, 
allocation procedures, reliability, and represen- 
tativeness requirements. The result from the 
Life Cycle Inventory Analysis is therefore a 
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compilation of the inputs (resources) and the 
outputs (eg, pollutants) through the bound- 
aries of the product system in relation to the 
functional unit. If necessary, changes in the 
system boundaries must be made to ensure a 
higher quality of the study. 

In the case of biofuels and bioproducts, an 
important element of the assessment concerns 
the impacts associated with Land Use Change 
(LUC), so distinguishing direct and indirect 
LUC is relevant. According to ISO/TS 14067 
[22], the direct LUC (DLUC) is a change in the 
use or management of land within the product 
system being assessed, while the indirect LUC 
(ILUC) refers to a change in the use or man- 
agement of land which is a consequence of 
direct LUC, but which occurs outside the 
product system being assessed. 

Since the second half of the 2000s, LUC 
assessment through CLCA modelling has 
boomed, mainly stimulated by the debate on 
the environmental consequences of the 
expected expansion of biofuels. As pointed out 
by Macedo et al. [23], LUC has been the most 
contentious issue in evaluating GHG effects of 
biofuels. It can lead to a reduction or an 
increase of C stocks in biomass and soil, and 
the quantification is inherently uncertain, as can 
be seen in the widely different results reported 
in the literature. The inclusion of ILUC espe- 
cially adds greatly to the uncertainty in quanti- 
fications of LUC effects, provided it can only be 
determined using global models, which are 
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highly uncertain, once the available models are 
based on unobservable and unverifiable para- 
meters and are dependent on assumed policy, 
economic contexts, and exogenous inputs. 


12.3.3 Assessment — Life Cycle 
Impact Assessment 


Life Cycle Impact Assessment is aimed at 
understanding and evaluating the magnitude 
and significance of the potential environmental 
impacts of the studied system. This phase 
involves accounting, assessing, and interpreting 
the potential environmental impacts generated 
by the product through Categorization and 
Characterization of the flows. A distinction must 
be made between midpoint and endpoint, where 
endpoint indicators are defined at the level of 
the areas of protection (natural environment, 
human health, and natural resources), and mid- 
point indicators indicate impacts somewhere 
between the emission and the endpoint [3]. 

For categorization, in function of the goals 
that are defined initially, the environmental 
impact categories are selected, such as deple- 
tion of abiotic resources, global warming, and 
ozone layer depletion, among others. The char- 
acterization aims to quantify the potential 
impacts concerning each selected category due 
to the flows identified in the product system. 
These potential impacts are estimated at the 
mid- or endpoint levels through characteriza- 
tion factors. Table 12.1 shows some categories 


TABLE 12.1 Some Environmental Categories Assessed in LCAs 


Category Flows 


Global warming CO,, CHa, N20, CFC 


Ozone depletion CFC, HFC, Halons 


Eutrophication PO, NO, NO», NH; 
Acidification SO, NO, HCL NH3 


Photochemical smog 


NMHC (Non methane hydrocarbons) 


Characterization Factor Reference 
Global warming potential CO, 
Ozone depleting potential CFC-11 
Eutrophication potential PO;” 
Acidification potential SO» 
Potential to create photochemical oxidation CH6 


Adapted from: EPA, Environmental protection agency, in: Life Cycle Assessment: Principles and Practice. Ohio. EPA/600/R-06/060. 88p. Available 


from: http://nepis.epa.gov, 2006. 
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typically assessed in LCA studies, and their 
respective inventory flows and characteriza- 
tion factors. 


12.3.4 Interpretation 


In the interpretation phase, the results from 
the previous phases are evaluated in relation to 
the goal and scope in order to reach conclusions 
and recommendations. When producing a com- 
parative study, the scope of the study must 
naturally be defined in such a way that the sys- 
tems can be consistently compared, implying 
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the use of equivalent methodological considera- 
tions. This is one of the critical aspects when 
producing broad comparisons from different 
studies, given the wide range of assumptions 
and methodological considerations. 


12.4 LCA OF BIOJET FUELS 


As detailed in the previous chapters, the 
main biojet fuel production technologies can 
be classified into three groups (Fig. 12.4) 
[24,25]. These are discussed below. 
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FIGURE 12.4 Main pathways to produce biojet fuels. Source: Adapted from: FAPESP, Fundação de Amparo a Pesquisa do 
Estado de São Paulo. Plano de Voo para biocombustíveis de aviação no Brasil: Plano de Ação. 2013. Available from: http://www. 
fapesp.br/publicacoes/plano-de-voo-biocombustiveis-brasil-pt.pdf. Acesso em setembro de 2014. 
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12.4.1 Lipids Conversion 


The hydrotreating/hydrocracking of vege- 
table oils — Hydroprocessed Esters and Fatty 
Acids or Hydroprocessed Renewable Jet (HRJ) 
or Hydrogenated Vegetable Oil — is currently 
the best-known process for aviation biofuel 
production, and is tested on a large-scale. It 
consists of decomposing vegetable oils in the 
presence of hydrogen, saturating carbon 
double-bonds, and removing oxygen as water. 
The oil is cracked and isomerized to produce 
jet fuel, as well as other products like naphtha, 
diesel, and gasoline. 


12.4.2 Thermochemical Conversion 


By this route, in the main studied process, 
the solid biomass is gasified at elevated tem- 
peratures so that it becomes a mixture of 
gases — mostly CO, H, CO, and water — 
which is called syngas. After purification, these 
gases can be synthesized into liquid hydrocar- 
bons, usually by the Fischer—Tropsch process 
(F-T), using catalysts. Depending on the 
adopted design and processed streams, a simi- 
lar hydrocarbon jet fuel can be obtained. 


12.4.3 Biochemical Conversion 


In this group, one possible pathway is the 
Alcohol To Jet (ATJ) process, where the alcohol 
molecules, which are obtained either from 
sugar, starch, or lignocellulosic materials, are 
submitted to dehydration and oligomerization 
to remove water and oxygen via the addition 
of hydrogen. Other pathways employ geneti- 
cally modified microorganisms to convert 
sugar into hydrocarbons (Direct Sugar to 
Hydrocarbons, DSHC) or lipids. In one of 
these cases, yeasts, instead of producing etha- 
nol, produce isoprenoids, such as farnesene, 
which is then hydrogenated into farnesane, 
which has good characteristics as a fuel. 


287 


In the last several years, LCA studies on bio- 
jet fuels have been elaborated upon, although in 
a still-small number. Through a survey con- 
ducted in Scopus and Web of Science Database, 16 
articles were selected for comparison here, along 
with one academic Thesis [26] and two Reports 
[21,27]. Due to the challenges from climate 
change and the consequent aspirational goals 
from the aviation sector, almost all studies (17 in 
total) addressed GHG emissions, mostly for a 
farm-to-gate approach, while some studies also 
included the use phase. Exceptions are in 
Trivedi et al. [28], where pathways were ana- 
lysed in terms of energy indicators (Energy 
Return on Energy Investment, EROI), and 
Staples et al. [29], where water consumption and 
land requirements were assessed. 

In terms of conversion technology, 15 studies 
reported the use of lipid conversion routes, spe- 
cifically HRJ, followed by six studies on thermo- 
chemical conversion, mainly F-T, and five 
studies on biochemical conversion (BC). 
Regarding feedstocks, algae were evaluated in 
eight studies, seven through the HRJ pathway, 
followed by camelina and jatropha in five stud- 
ies. Soybean, palm, rapeseed, tallow, used cook- 
ing oil, sugarcane, corn grains, and corn stover 
were assessed as well. Table 12.2 presents the 
selected studies divided by pathway, feedstock, 
and environmental issue. Some studies also esti- 
mated the cost of the product, but this is not the 
focus of the present discussion. Fig. 12.5 sum- 
marizes the main GHG estimations from the 
analysed studies in comparison to the range for 
the conventional jet fuel. Each point in the 
figure refers to a published result, but there are 
studies that present more than one result for a 
particular pathway because of the adoption of 
different scenarios or allocation methods. 

Microalgae were the most reported feedstock 
among the selected studies, following the num- 
ber of analyses exploring their potential for fuel 
production. The GHG emissions for HRJ from 
microalgae have been estimated within a wide 
range (14.1—476 g CO2/MJ), highly influenced 
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TABLE 12.2 Summary of the Selected Studies by Feedstock and Pathway 


Technology Feedstock 


HRJ Camelina 


Jatropha 


Microalgae 


Palm 


Pongamia 
pinnata 


Rapeseed 


Salicornia 


Soybean 


Thlaspi arvense L. 
Tallow 


Yelow grease 


HRJ, Hydroprocessed Renewable Jet; F-T, Fischer—Tropsch; BC, Biochemical Conversion; HTL, Hydrothermal Liquefaction. 
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Environmental 
Study Issue Technology 
[30] GHG/energy FT 
[31] GHG/cost 
[32] GHG 
[33] GHG/energy 
[34] GHG 
[35] GHG 
[21] GHG 
[32] GHG 
[29] Water/land 
[34] GHG 
[28] Energy 
[21] GHG 
[31] GHG/cost BC 
[36] GHG 
[27] GHG/energy 
[37] GHG 
[38] GHG/energy/ 
water /other 
[34] GHG 
[26] GHG/energy 
[21] GHG 
[32] GHG 
[28] Energy 
[38] GHG/energy/ 
water /other HLT 
[21] GHG 
[29] Water/land 
[32] GHG 
[28] Energy 
[21] GHG 
[26] GHG/energy 
[21] GHG 
[27] GHG/energy 
[29] Water /land 
[32] GHG 
[28] Energy 
[39] GHG/energy 
[40] GHG/cost 
[40] GHG/cost 


Feedstock 


Corn stover 


Switchgrass 


Wood crops 
Forest residue 
Biomass 


Herbaceous 
biomass 


Corn grains 


Sugarcane 


Switchgrass 


Microalgae 
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Study 


[26] 
[21] 
[31] 
[32] 
[21] 
[31] 
[28] 
[31] 
[21] 
[27] 
[26] 


[29] 
[41] 
[28] 
[29] 
[42] 
[41] 
[38] 


[28] 
[29] 
[28] 
[41] 
[43] 


Environmental 
Issue 


GHG/energy 
GHG 
GHG/cost 
GHG 

GHG 
GHG/cost 
Energy 
GHG/cost 
GHG 
GHG/energy 
GHG/energy 


Water/land 
GHG/cost 
Energy 
Water/land 
GHG 
GHG/cost 


GHG/energy/ 
water /other 


Energy 
Water /land 
Energy 
GHG/cost 
GHG 
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FIGURE 12.5 Range of main results from LCA studies for biojet fuels. Grey dots include LUC effects (HRJ, 
Hydroprocessed Renewable Jet; F-T, Fischer—Tropsch; and BC, Biochemical Conversion). 


by the growth conditions and allocation meth- 
ods. In Handler et al. [34], for instance, indicated 
WTW results from 29.0 gCO,eq/MJ (mass 
allocation) to 40.1 g CO2eq/MJ (energy alloca- 
tion). Using energy allocation, the research in 
Ou et al. [37] found a much higher value 
(160 g COjeq/MJ) for the production of bio- 
jet fuel from microalgae ponds in China. 
Considering the system expansion method and 
including the CO, emitted in power plants as 
an input for algae growth, the work in Stratton 
et al. [21] found 14.1 g CO2eq/MJ for a scenario 
of high yield and algal lipid content, in contrast 
to 193.2 g CO2eq/MJ for an opposite scenario. 
Hydrothermal Liquefaction (HTL) — the pro- 
cess that employs subcritical water to convert 
biomass to a_carbon-rich biocrude of 


microalgae cultivated in wastewater effluent was 
evaluated by Fortier et al. [43]. The GHG perfor- 
mance was a function of the HLT plant location, 
and was estimated as 35.2 gCOveq/MJ for a 
plant located at the wastewater treatment site, 
and 86.5 g CO2eq/MJ for the plant located at a 
refinery. The logistics required to recycle aque- 
ous products for algae cultivation (former case) 
or transportation of dewatered algae to refinery 
(later case) were determinant in the study. 
Camelina pathways were reported in six 
studies, including Fan et al. [39], which assessed 
the biojet fuel from Thlaspi arvense L. (part of 
the camelina family). Stimulated by the non- 
direct competition with food due to the pos- 
sible cultivation as a rotation crop, the research 
in Shonnard et al. [30] evaluated the life 
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cycle performance of the camelina jet fuel 
between 20.2 g CO2/MJ (mass allocation) and 
22.4 g CO2/MyJ (energy allocation). The work in 
Lokesh et al. [34], in turn, found values from 
24 g CO2/MJ (mass allocation) to 31.4 g CO2/MJ 
(energy allocation), while the research in Han 
et al. [32] reported 46 g CO2/MJ, considering 
energy allocation. Lower emissions were verified 
with the system expansion approach, provided 
the displacement of more carbon-intensive pro- 
ducts by the co-products obtained together with 
the biojet fuel. For example, estimations from 
Refs. [30,39] reached negative values, respec- 
tively, evaluated as —18.3 and —17 g COvzeq/MJ. 

The production of Synthetic Paraffinic 
Kerosene (SPK, ie, HRJ) in the United States 
from jatropha curcas cultivated in Brazil was 
assessed by researchers in Bailis et al. [35]. 
The results ranged from 33 g CO2/MJ (mass 
allocation) to 40 g CO2/MJ (energy allocation), 
while values based on the system expansion 
approach varied from —134 to 40 gCO,/MjJ. 
Considering DLUC effects and energy alloca- 
tion, authors estimated that when jatropha was 
planted in agro-pastoral lands, the emissions 
would be 13 g CO2/MJ, but they would jump 
to 141 gCO,/MJ in the case where jatropha 
was cultivated in cerrado woodlands. 
Although the analysis resulted in interesting 
mitigation effects for most of the cases, this 
industry in Brazil is relatively young and ‘best 
practices’ can still be achieved. 

Similar to jatropha, the performance of 
soybean and palm-derived fuels are largely 
affected by LUC. The work in Wong [26] esti- 
mated emissions from 29.9 to 50.8 g COjeq/MyJ 
for HRJ from soybean, which would increase to 
90.4 and 600.3 g COjeq/MJ, assuming the con- 
version of cerrado and tropical rainforest, 
respectively. For HRJ from palm, another typical 
feedstock for biofuel, emissions were evaluated 
in the 22—32 g COjeq/MJ range (without LUC), 
and from 10.2 to 617.3 g CO,eq/MJ, assuming, 
respectively, the conversion of logged-over for- 
est and peatland rainforest. In Stratton et al. [21], 
similar ranges for soybean and palm were 
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found, but with more drastic effects from LUC 
in the case of conversion of cerrado and tropical 
rainforest. The cultivation on set-aside land 
would also lead to higher life cycle emissions in 
the case of rapeseed pathways [21]. 

For HRJ pathways involving the conversion 
of tallow, in Seber et al. [40] two system bound- 
aries were considered. In the first one, tallow 
was treated as a co-product of the rendering 
industry, and in the second, as a co-product of 
the meat production industry, considering emis- 
sions from cattle husbandry and slaughtering. 
By the energy allocation method, the results 
for tallow were between 25.7 and 37.5 g CO2/MyJ 
for the first option and 67.1 to 83.9 g CO2/MJ for 
the second. Emissions for HRJ from grease from 
waste cooking oil were estimated to be between 
16.8 and 21.4 g CO,/MJ [40]. 

Corn stover, representing agricultural resi- 
dues, and switchgrass, representing non food 
energy crops, were the main feedstocks studied 
in the F-T pathways. In Wong [26] the life cycle 
emissions were estimated between 5 and 
15 g CO;/MJ for jet fuels from corn stover, for- 
est residue, and switchgrass. In Stratton et al. 
[21] changes of soil carbon were considered in 
the analysis, due to the soil carbon sequestration 
is a potential strategy for offsetting CO, emis- 
sions, depending on the rate of carbon addi- 
tions, the capacity of soil for carbon storage, and 
the stability of sequestered soil carbon over 
time. At the same time, the removal of agricul- 
tural residues from the field (as corn stover) can 
lead to an incremental use of fertilizer or, if left 
on the field, to N?O emissions from the soil. 
Considering the effect of carbon sequestration, 
in Stratton et al. [21] was estimated that F-T fuel 
from switchgrass would move from 
17.7 g CO2/MJ to —2.0gCO,/MJ. For corn 
stover, on the other hand, they reported 
9.0 g CO2/MJ (without soil carbon changes) and 
13.6 g CO2/MJ (with the soil carbon change). 

BC pathways using mainly sugarcane and 
corn grains were also reported in the literature. 
Moreira et al. [42] analysed the production of far- 
nesane, which is obtained by the direct 
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bioconversion of sugarcane sugars, with poste- 
rior hydrogenation. Effects from direct and indi- 
rect LUC were addressed, resulting in a life cycle 
emission of 8.5g COzeq/MJ in the reference 
case. However, the results of the Monte Carlo 
analysis indicated life cycle emissions of 
21+11 g COzeq/MJ, with substantial influence 
from the LUC factor and the level of electricity 
exports. 

The ATJ process for sugarcane, corn grain, 
and switchgrass were evaluated by Staples 
et al. [41]. Without LUC considerations, 
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emissions for the sugarcane pathway varied 
from —4.9 (system expansion) to 
12.7 g CO2eq/MJ (market allocation), for corn 
grain they were from 62.6 (system expansion) 
to 65.6 g CO2eq/MJ (market), and for switch- 
grass they were 37.4 g COzeq/MJ (market and 
system expansion). With LUC considerations 
and market allocation, the results were 48.1, 
113.8, and 40.3 g CO2eq/MJ for sugarcane, 
corn grain, and switchgrass, respectively. 
Regarding the contribution from the differ- 
ent life cycle stages (Fig. 12.6), similar to other 
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FIGURE 12.6 Contributions to GHG emissions by life cycle stage (excluding credits from co-products and LUC). 
Source: Based on R.W. Stratton, H.M. Wong, J.I Hileman, Life Cycle Greenhouse Gas Emissions From Alternative Jet Fuels. 
Partnership for Air Transportation Noise and Emission Reduction. Massachusetts Institute of Technology: Cambridge, MA, 2010. 
Available from: http://web.mit.edu/aeroastro/partner/reports/proj28/partner-proj28-2010-001.pdf, H.M. Wong, Life-cycle assessment of 
greenhouse gas emissions from alternative jet fuels. Thesis submitted to the Engineering Systems Division in Partial Fulfillment of 
the Requirements for the Degree of Master of Science in Technology and Policy. Massachusetts Institute of Technology. September 
Available from: http://lae.mit.edu/uploads/LAE_report_series/2008/LAE-2008-005-T pdf, 2008, Moreira, Marcelo, Angelo C. Gurgel, 
and Joaquim E. A. Seabra. 2014. “Life Cycle Greenhouse Gas Emissions of Sugar Cane Renewable Jet Fuel.” Environmental Science & 
Technology 48: 14756—14763. K. Lokesh, V. Sethi, T. Nikolaidis, E. Goodger, D. Nalianda, Life cycle greenhouse gas analysis of biojet fuels 
with a technical investigation into their impact on jet engine performance. Biomass Bioenergy (2015) 77 26—44. Available from: hittp://dx. 
doi.org/10.1016/j.biombioe.2015.03.005, and R.M. Handler, C.E. Canter, T.N. Kalnes, F.S. Lupton, O. Kholigov, D.R. Shonnard, et al., 
Evaluation of environmental impacts from microalgae cultivation in open-air raceway ponds: analysis of the prior literature and investiga- 
tion of wide variance in predicted impacts. Algal Res. (2012) 1 (1). 83—92. Available from: http://dx.doi.org/10.1016/j .algal.2012.02.003. 
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biofuels [23], the feedstock production was 
usually the main contributor to GHG emis- 
sions. The conversion steps become more rele- 
vant in the F-T pathways, as well as in the 
direct conversion of sugars for farnesane pro- 
duction, because of the requirement for a 
hydrogenation step. In turn, the contributions 
from the transportation of raw materials or 
products were normally small. 


12.5 FINAL COMMENTS 


In addition to the intrinsic performance of 
each biofuel pathway, the different methodo- 
logical considerations among the studies also 
explain the differences in the life cycle emis- 
sions. Partly due to the maturity level of the 
technology, HRJ from vegetable oils has been 
the most studied pathway. The analyses 
showed that their environmental performance 
strongly depended on the agricultural condi- 
tions and where the crops were cultivated. 

Almost all pathways presented better per- 
formances in terms of GHG emissions than the 
conventional jet fuel, which produced between 
88 and 106 g CO2eq/MJ. HRJ from palm was 
evaluated as an attractive route, as well as HRJ 
from yellow grease and T. arvense L. HRJ from 
jatropha and microalgae featured a wide range 
of variation among the five studies, in part 
because of the allocation method and the culti- 
vation conditions. On the other hand, the 
ranges for HRJ from soybean and camelina 
(which were assessed by more studies), were 
much narrower, also because these pathways 
involved mature supply chains. 

The LUC effect was considered in five stud- 
ies, and in all cases represented relevant impli- 
cations for the overall performance. For HRJ 
from palm and soybean, this effect alone can 
negate all the benefit of the biofuel in terms 
of GHG emissions mitigation. For the direct 
conversion of sugarcane in Brazil, however, 
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despite the uncertainties, the mitigation effect 
would be verified even considering the emis- 
sions from the indirect LUC. 

In summary, due to the relatively small 
number of studies, the low maturity level or 
scale of the pathways, and the fact that GHG 
emissions have been the almost exclusive envi- 
ronmental issue under analysis, at this 
moment it is difficult to draw conclusions 
about the real benefits of the different routes 
for the production of biojet fuels. Furthermore, 
the methodological differences between the 
studies pose significant barriers for compari- 
sons. This makes the harmonization efforts 
particularly relevant in terms of painting a 
clear picture for decision makers and society 
when comparing the performances of different 
biojet fuel pathways. 
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13.1 BIOFUELS IN THE AVIATION 
SECTOR — CURRENT STATUS 
AND EXPECTATIONS 


This section highlights the current state-of- 
the-art of biofuel utilization within the aviation 
sector, as well as expectations for the use of 
biojet fuels in the future — that is, develop- 
ment of the aviation sector, greenhouse gas 
(GHG) effects from aviation, feedstock avail- 
ability for biojet fuels, cost of biojet fuels, sce- 
narios for market implementation, and supply 
conditions for biojet fuels. 


13.1.1 Development of the Aviation 
Sector 


Air transport is a developing business sector 
with rapidly increasing rates in transport loads 
and fuel demand (Fig. 13.1). For example: (1) 


Biofuels for Aviation. 
DOI: http://dx.doi.org/10.1016/B978-0- 12-804568-8.00013-5 
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air passenger transport increased from 2.072 
billion in 2006 to 3.213 billion passengers in 
2014 [1]; (2) the related revenue passenger kilo- 
metres (RPK) performed grew about 6% per 
year on average between 2001 and 2013, reach- 
ing 5.8 trillion RPK, international and domestic 
services combined [2]; (3) world scheduled air 
freight traffic expressed in freight tonne- 
kilometres performed grew by 0.4% in 2013, 
and is expected to increase by about 4% per 
year in 2014, 2015, and 2016, respectively [2]; 
and (4) kerosene demand increased steadily to 
6.3mb/day in 2013, which is equivalent to 
about 10 EJ/a (see Fig. 13.1). 

A strong increase in air transport is also 
expected for the future — that is, Airbus and 
Boeing project passenger transport growth of 
about 5% per year from 2010 to 2030 [5]. Air 
traffic is expected to increase from 3.8% to 5.1% 
[3] per year, which will lead to over 18 billion 
RPK in 2040 compared to around 5 billion RPK 


© 2016 Elsevier Inc. All rights reserved. 
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FIGURE 13.1 Expected growth of the aviation sector. Left: Passenger Traffic Forecast in billion revenue passenger 
kilometers (RPK) (most likely scenario/central forecast) [3]. Right: Aviation oil consumption [Mtoe] by region (New 


Policies Scenario) [4]. 


in 2010 (Fig. 13.1). The related increase in kero- 
sene demand is expected with ‘only’ 1.5% per 
year between 2012 and 2035 [6] because of sev- 
eral improvements in the specific fuel demand. 
Due to the long life of aircraft products, particu- 
larly engines (typically 30—40 years), the speed 
at which these improvements are incorporated 
into the total fleet is a slow process. Besides the 
fuel efficiency of aircraft, another major area 
that offers considerable potential for signifi- 
cantly reducing fuel demand is the optimiza- 
tion of air traffic management [7]. 


13.1.2 Greenhouse Effects 


From Aviation 


Aircraft emissions, in conjunction with other 
anthropogenic sources, are impacting GHGs 
and hence inducing climate change, though the 
extent of such impacts are difficult to predict 
and are heavily debated. Atmospheric changes 
from aircraft result from three types of pro- 
cesses: (1) direct emission of radioactive sub- 
stances (eg, CO2 or water vapour); (2) emission 
of chemical species that produce or destroy 
radioactive substances (eg, NO,, which modifies 
O; concentration); and (3) emission of sub- 
stances that trigger the generation of aerosol 


particles or lead to changes in natural clouds 
(eg, contrails). The largest areas of scientific 
uncertainty in aircraft-induced climate effects lie 
with persistent contrails, with tropospheric 
ozone increases and consequent changes in 
methane, with potential particle impacts on ‘nat- 
ural’ clouds, and with water vapour and ozone 
perturbations in the lower stratosphere (espe- 
cially for supersonic transport) [8]. 

Aviation contributed about 2% of anthropo- 
genic CO, emissions in the year 2000, which is 
equivalent to 10% of the direct emissions of 
the transport sector [9]. In the absence of addi- 
tional measures, an increase in emissions of 
3—4% per year is projected. There is also con- 
siderable concern regarding aviation’s total cli- 
mate impact on the global climate, which has 
been estimated by the Intergovernmental Panel 
on Climate Change (IPCC) as being two to 
four times higher than the effect of carbon 
dioxide emissions alone due to release of nitro- 
gen oxides, water vapour, and sulphate and 
soot particles (excluding cirrus cloud effects) 
[10]. Lee et al. [11] estimated radiative forcing 
from aviation in the year 2005 to be 3.5% 
(range 1.3—10%, 90% likelihood range) of cur- 
rent anthropogenic forcing, or, including cirrus 
cloud enhancement, 4.9% of current forcing 
(range 2—14%, 90% likelihood range). 
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FIGURE 13.2 CO, emission trends from international aviation from 2005 to 2050 [3]. 


The public and political pressure on the sec- 
tor to decrease its GHG emissions is increas- 
ing, particularly in Europe. The International 
Air Transport Association (IATA) has therefore 
already agreed on global targets for GHG 
emissions, as follow [3,12—14!: 


e Improve fuel efficiency by 1.5% annually to 
2020; 

e Cap net emissions from 2020 onward 
through carbon-neutral growth; 

e Cut emissions in half by 2050 as compared 
to 2005. 


To support these targets, in 2050 technolo- 
gies and procedures need to be available that 
allow a 75% reduction in CO, emissions per 
passenger kilometre [15]. 

Several studies have investigated the develop- 
ment of aviation-related global CO, emissions, 
but found that the suggested CO, reduction 


needs to incorporate additional efforts to change 
the currently expected trends [5]. Along with 
this increase, and despite improvements in 
efficiency, consumption of jet fuels, and also 
absolute emissions, will steadily increase [16]. 
This was also pointed out by the International 
Civil Aviation Organization (ICAO) in 2013 
(see Fig. 13.2). Biojet fuels are seen as one 
approach to close the CO; gap. 

This is not only discussed by the aviation 
sector, but also pointed out in different 
energy scenarios with ambitious GHG reduc- 
tion targets (eg, Refs [17—19, 70]). Policy 
makers argue that due to persistent reliance 
on fossil fuels, it is often posited that trans- 
port, especially aviation relying entirely on 
kerosene, is more difficult to decarbonize 
than other sectors [20]. So climate policy is 
an important driver for the implementation 
of biojet fuels. 
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FIGURE 13.3 Current bioenergy provision and estimated future fossil kerosene demand and biomass resource 
potentials on a global scale. Source: Data from F. Rosillo-Calle, S. Teelucksingh, D. Thran, M. Seiffert, The Potential and Role of 
Biofuels in Commercial Air Transport — Biojetfuel, IEA Bioenergy Task 40 Sustainable International Bioenergy Trade, 2012; A. 
Faatj, M. van Dijk, White Paper on Sustainable Jet Fuel. SkyNRG, 2012; [22] F. Creutzig, E. McGlynn, J. Minx, O. Edenhofer, 
Climate policies for road transport revisited (I): evaluation of the current framework, in: Energy Policy, vol. 39 (no. 5), 2011, pp. 
2396—2406, doi:10.1016/j.enpol.2011.01.062, ISSN 0301-4215; [24] D. Thran (Ed.), Smart Bioenergy, Technologies and Concepts for 
a more Flexible Bioenergy Provision in Future Energy Systems, Springer-Verlag, Heidelberg, 2015, ISBN 978-3-319-16192-1. 


13.1.3 Feedstock Availability for 
Biojet Fuels 


Going for a biojet fuel application, a reason- 
able question is, what is the overall biomass 
feedstock availability in the medium- and 
long-term? It proves difficult to provide any 
reliable forecast, but different scenarios sug- 
gest an overall aviation fuel demand of 16 to 
25 exajoules (EJ) in 2050, which is equivalent 
to a biomass demand of about 33 to 45 EJ/a 
[5,21] if all the aviation fuel was be provided 
via biojet fuels (see Fig. 13.3). 

This amount is in the range of about 
65—80% of the overall biomass use of 55 EJ/a 
[23] for bioenergy today. The future biomass 
potential is estimated to be in the range of 
100—300 EJ/a in 2050 [22]. So in a very first, 
theoretical approach, the biomass resource 
potential is seen as potentially sufficient to 
meet future kerosene demands if other bioe- 
nergy applications (heat, power, transport 
fuels) are not extended significantly in the 


future. Those theoretical numbers do not give 
any information about specific feedstock avail- 
abilities for different conversion routes. 


13.1.4 Cost of Biojet Fuels 


There is a wide range of potential costs for 
biojet fuels, from as low as 21 EUR/GJ up to 
90 EUR/GJ (Table 13.1), usually greatly 
exceeding current kerosene prices. Feedstock 
costs not only vary substantially by region 
[24], but are usually an important component 
of total provision cost. As feedstock for the 
biojet fuel technologies is the major cost factor, 
the future costs of biojet fuels will be highly 
dependent on feedstock cost development. 

As kerosene is one of the major cost factors 
in an airline’s total operating costs, the fossil 
fuel price and price development are also rele- 
vant for the market development of biojet 
fuels. In the past several years, the price of jet 
kerosene has fluctuated between less than $1 
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TABLE 13.1 Costs of Biojet Fuels (Exemplarily) 
Today 


BTL (Fischer—Tropsch fuel) Approximately 29 €/GJ [5] 


(but no commercial plant) 
HEFA (vegetable oil) 26—29 €/GJ [28] 
Bio-GTL — 


Kerosene (Jet A-1) 10.8 €/GJ* 


Range (Approximate) 
35—65€/GJ [25—27] 


21—50€/GJ [5,25—27] 


8—20 €/GJ° (10/2005—10/ 
2015) (based on [29]) 
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Projections 


18—23€/GJ (based on Ref. [5]) 


20—26€/GJ (based on Ref. [5]) 


55—90€/GJ [25,26] 


2050: 19.4€/GJ (based on 2% 
annual increase, following IEA 
WEO projections [6]) 


“30 Oct. 2015: 1.543 US$ per gallon aviation jet fuel [approximately 460€/t or 10.8 €/GJ] [67, 68]. 
°1.26—3.89 $/gallon, exchange rates: http://www.finanzen.net/devisen/dollarkurs/historisch. 
Note: Due to changes in price and currency exchange rates, the price gap between fossil kerosene and biojet fuel provision costs may vary. 
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FIGURE 13.4 Jet fuel and carbon prices [14]. 


and up to $4 per gallon, with a recent declin- 
ing trend. 

Due to the recent decrease in oil prices, ker- 
osene price projections (eg, Fig. 13.4), and the 
possible parity of renewable kerosene with fos- 
sil kerosene, proves difficult. In the longer 
term, price parity could be achieved with addi- 
tional measures (eg, carbon price). 

The production costs of renewable kerosene 
will, for the foreseeable future, be considerably 
higher than the corresponding fossil kerosene 
costs [30]. 


Another promising renewable, nonbio-based 
option in the future could be jet fuels based on 
power (PTL, Power-to-Liquid), for which the 
first demonstration projects (eg, Sunfire or 
SOLAR-Jet) have already reported the feasibil- 
ity of various concepts [31—32]. Nevertheless, 
for those renewable biojet fuels, even higher 
costs are reported, such as PTL (via 
Fischer—Tropsch (F-T) or methanol) with a cost 
range of 25—150€/GJ [25, 26]. Consequently, 
policy action is needed in the short term to 
induce a sufficient demand. 
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13.1.5 Supply Conditions specifies Aviation Turbine Fuel Containing 
for Aviation Fuels Synthesized Hydrocarbons, and is relevant for 
renewable jet fuels. Important specifications of 


The main aviation fuels (Aviation Turbine the main fuel JET A-1 are the following: 


Fuel) are Jet A-1 (standard commercial avia- 
tion fuel outside the United States) and Jet A ° Flash Point (38°C minimum); 

(in the United States). Other jet fuels (eg, Jet B, ° Freeze Point (—47°C), 

JP-8) for military uses or cold climates do exist. ° Net Heat of Combustion (42.8 MJ/kg 
Aviation fuels are based on kerosene fractions minimum), 

as a complex mixture of hydrocarbons that ° Density (775—840 kg/ m”). 

varies depending on crude source and 
manufacturing process, typically derived from 
crude oil [33]. The requirements are specified 
in the fuel standards DEF STAN 91-91 [33] and 
American Society for Testing Materials 
(ASTM) D1655°. The standard ASTM D7566 


From a variety of feedstocks and their pre- 
treatment, extraction, or separation steps, the 
main conversion (physico-chemical, thermo- 
chemical, bio-chemical) and subsequent pro- 
cessing or upgrading provide the final product 
(examples in Table 13.2). Three of these 


TABLE 13.2 Conversion Pathways for Biojet Fuels 


Pathway Feedstock/Technology ASTM Certification 
HEFA Hydro-processed esters and fatty acids (vegetable oils); future: algae oils X 
F-T Fischer—Tropsch kerosene (BTL) from lignocellulosics X 
DSCH/SIP Direct sugar to hydrocarbon/Synthesized Iso-Paraffinic fuel (sugar to farnesene X 
from, eg, sugar cane) 
Bio-GTL Biogas to liquid via biomethane and a wide range of biomass feedstock = 
ATJ Alcohol to jet = 
HDCJ Hydrotreated depolymerized cellulosic jet = 
PTL Power-to-Liquid; electrolysis and subsequent synthesis either via F-T or methanol — 


Data from U. Lambrecht, F. Muller-Langer, Themenbereich 3 “Alternative Energietrager im Verkehr und ihre Infrastruktur”. Presentation Hold: 
Mobilitats-und Kraftstoffstrategie (MKS) Jahreskonferenz 2015. On 09-06-2015 in Berlin, 2015; F. Mulller-Langer, K. Zech, K. Naumann, Alternative 
Fuels for Aviation — Status quo and Perspectives of Different Options. Presentation Hold: CORE JetFuel Workshop | Sustainable Alternative Aviation 
Fuels — Innovative Conversion Technologies and Deployment. On 01-06-2015 in Vienna, 2015; [36] AIREG (Ed.), Klimafreundlicher Fliegen: Zehn 
Prozent Alternative Flugkraftstoffe bis 2025. Aireg — Aviation Initiative for Renewable Energy in Germany e.V., 2012; [37] AIREG e.V., http://www. 
aireg.de/en/production.html. Biofuel Production, Aviation Initiative for Renewable Energy in Germany e.V. Retrieved from: <http://www.aireg.de/en|/ 
production.html>, 2015 (26.11.15); [38] L.A.B. Cortez, G.M. Souza, C.H.de B. Cruz, R. Maciel, An Assessment of Brazilian Government Initiatives 
and Policies for the promotion of biofuels through research, commercialization, and private investment support, in: S.S. da Silva, A.K. Chandel (Eds.), 
Biofuels in Brazil, Springer International Publishing, pp. 31—60. ISBN 978-3-319-05019-5, 2014. 


"A revision to ASTM International’s Aviation Turbine Fuel Standard (ASTM D1655) adapts to the growing 
presence of biodiesel in the petroleum industry and distribution systems. The level of allowable cross- 
contamination of fatty acid methyl ester in jet fuel was recently increased from 5 parts per million to 50 parts per 
million without compromising safety or adversely affecting aircraft operation (http: //www.astmnewsroom.org / 
default.aspx?pageid = 3656). 
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renewable fuels (hydroprocessed esters and 
fatty acids (HEFA), F-T, synthesised iso- 
paraffins (SIP)) are already ASTM (ASTM 
D7566) certified, which allows a blending of 
up to 50% (SIP up to 10%) with conventional 
commercial and military jet fuels. In different 
projects (burnFAIR; High Biofuel Blends in 
Aviation (HBBA)), the test of blended jet fuels 
showed no negative effects on noise emissions, 
no effects or positive effects on CO, and NO,, 
and positive effects on soot and particle emis- 
sions [34]. The commercial availability of the 
fuels is still limited, and to date, there has 
been little routine production of alternative jet 
fuel. Commercial flights thus far have been 
operated with specially produced batches of 
fuel [35]. 

The supply chain of Jet A-1 and biojet fuels 
includes extraction, conversion, and distribu- 
tion [39]. The aim of the aviation industry is 
that the drop-in characteristics of biojet fuels 
will allow the fuels to be fully integrated into 
the conventional jet fuel storage and distribu- 
tion systems, and therefore be used by all 
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aircraft refuelling from those systems with no 
barriers [40]. As biojet fuels meet the technical 
standards (Jet A-1, ASTM), no modifications 
within the current distribution system are nec- 
essary. The certified biojet fuel (and conven- 
tional Jet A-1 from different sources) can be 
blended at any point (preferably at the refin- 
ery) of the supply chain with Jet A-1. 

In most cases the biojet fuel will be deliv- 
ered to and blended at a small number of 
international consumer points. International 
agreements are therefore a precondition to 
delivering the biojet fuels to the big interna- 
tional airports and selling them to interna- 
tional airlines. As the future sees increasing 
quantities of biofuels available at the main avi- 
ation hubs, logistics remain a challenge, and so 
does transport from the producer to the airport 
or the location of fuel blending. About 50% of 
current cargo and passenger transport are 
organized in less than 50 airports worldwide 
(see Fig. 13.5). Adjusted frame condition is also 
demanded for international trade for the 
majority of the biojet fuels [5]. 
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FIGURE 13.5 Map of the world’s busiest airports [5]. 
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13.2 POLICIES INFLUENCING 
THE MARKET INTRODUCTION 
OF BIOJET FUELS 


This section describes the current situation in 
government policies for delivering biojet fuels, 
including the target definition and the different 
instruments in general, and the more detailed 
description regarding government policies in 
different countries/regions in particular. 


13.2.1 Agreements on Targets for 
Biojet Fuel Implementation 


Renewable energy policy in general, and 
biojet fuel implementation interests in particu- 
lar, follow different overall targets in different 
nations and regions. Those include climate pol- 
icies, policies on energy security, agriculture 
policies, and economic policies. So it is not sur- 
prising that there is no globally agreed-upon 
target regarding the amount or share of biojet 
fuels. 

There are some national targets and usage 
goals to encourage the production of biojet 
fuels: in the United States, ‘1 billion gallons of 
alternative jet fuels annually by 2018’ [41]; in 
Indonesia, 2% aviation biofuels by 2018; in 
Norway, 10% biojet fuel by 2020; and in Mexico 
(2011), 1% by 2015 and 45% by 2020 [42]. 

Different goals were formulated within the 
European Union (EU) regarding biojet fuels. 
According to the Biofuel FlightPath Initiative 
[43], the targeting of two million tonnes 
annual production of fuel derived from 
renewable sources by 2020 would facilitate 
the deployment of sustainably produced 
advanced biofuels for the EU aviation sector 
[43]. One white paper [9] formulated the goal 
of 40% low-carbon sustainable fuels in avia- 
tion by 2050. 

Stakeholders also propose national goals, 
such as the use of 10% biojet fuels in 2025 
in Germany [36]. Several airlines have 


13. GOVERNMENT POLICY ON DELIVERING BIOFUELS FOR THE AVIATION SECTOR 


announced that they have already concluded 
long-term (up to 10 years) off-take agree- 
ments with biofuel suppliers within the range 
of 10,000 to 100,000 tonnes per year from dif- 
ferent feedstocks (waste, forest residues, 
HEFA) [12]. 

The International Energy Agency (IEA) has 
come up with expectations for the deployment 
of biofuels and biojet fuels as well (Fig. 13.6). 
The IEA sees advanced aviation fuels as a 
middle-term solution, with the demand 
expected to increase significantly [44]. It must 
be mentioned that there are many other projec- 
tions of future supply of biojet fuels, and the 
expected share of renewables in the aviation 
sector differs wildly from 10% of the overall 
fuel demand up to 100% [5]. 


13.2.2 Instruments for Biojet Fuel 
Implementation 


A wide variety of policy instruments and 
measures is available to achieve the desired 
goal of limiting emissions of GHG and hence 
influence the market introduction of biojet 
fuels. This includes, for example, raising com- 
munication or awareness, research and devel- 
opment support (innovation), guidelines, 
governance and coordination, voluntary agree- 
ments, market-based instruments, private and 
nonprivate financing schemes, tradable per- 
mits, taxes and charges, subsidies and incen- 
tives, and new regulations and standards (see 
Refs [9,10,45]). The main stimulus for current 
biofuels is blending mandates. Their outlook is 
highly sensitive to possible changes in govern- 
ment subsidies [6]. 

The market implementation for renewable 
energies is supported by a wide range of 
instruments. In general, they can be classified 
into five major groups, which are described in 
Table 13.3. Those systems are prototypes, 
while in practice the instruments are often 
combined. 
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FIGURE 13.6 Demand for biofuels in the IEA biofuel technology roadmap [44]; biojet and partly advanced biodiesel 
(via the F-T process, a fuel mix including kerosene is usually produced) as alternative kerosene. 


TABLE 13.3 Typical Support Schemes for Renewable Energies 
Instrument Principle Cost Burden for... 


GENERAL INSTRUMENTS FOR CLIMATE POLICY 


European ETS For the emission of GHG, certificates need to be posessed/bought. Supplier/end user 
Taxation For products with higher GHG-related emissions, higher tax rates have Supplier/end user 
to be paid. 


DEDICATED INSTRUMENTS FOR RENEWABLE ENERGY IMPLEMENTATION 


Feed-in tariffs Producer gets a guaranteed price for the provided renewable energy. End user 

Investment support Producer gets investment support for certain parts of the conversion Government 

programs plant and/or infrastructure. 

Taxation For renewable products, lower tax rates have to be paid (tax credit, tax Government 
exemption). 

Quotas/blending Suppliers have to provide a certain share of renewables in their product Supplier/end user 

mandates portfolio. 


Data from IEA, World Energy Outlook 2013, International Energy Agency. Paris, ISBN 978-92-64-20130-9, 2013; [46] D. Thran, M. Edel, T. 
Seidenberger, S. Gesemann, M. Rohde, Identifizierung strategischer Hemmnisse und Entwicklung von Losungsansatzen zur Reduzierung der 
Nutzungskonkurrenzen beim weiteren Ausbau der energetischen Biomassenutzung. 1. Zwischenbericht fur das deutsche Minisiterium fur Umwelt, 
Naturschutz und Reaktorsicherheit, Deutsches Biomasseforschungszentrum, Leipzig, 2009. 
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Within the scope of the market implementa- 
tion of alternative aviation fuels, the main 
policies discussed or implemented are the 
following: 


e Quotas/blending mandates; 

e Taxation (eg, VAT or ticket tax, carbon tax, 
tax exemptions/credits, kerosene tax); 

e Emission charges (emissions cap-and-trade 
system; Emissions Trading System (ETS)). 


Worldwide quotas are often proposed, as 
EU-wide, national, or regional measures may 
lead to certain market distortions, competitive 
disadvantages, and adverse effects, such as the 
shift of passengers or airlines to unaffected air- 
port hubs. 

In addition, research and commercialization 
funding and investment (promotion actions) 
are considered to be a required action to sup- 
port a range of potentially successful biofuel 
technologies, from which a winner, or winners, 
may emerge [14]. This, for example, includes 
the planning and construction of biojet fuel 
refineries to achieve economies of scale and to 
gain experience. 


13.2.3 European Union 


The EU is currently responsible for 35% of 
global aviation emissions [47]. With acknowl- 
edgement for the Kyoto Protocol’s project 
mechanisms in 2004, the EU established a 
scheme for GHG emission allowance trading 
within the Community (Directive 2004/101/ 
EC). The EU ETS remains the world’s largest 
scheme, covering all 28 member states of the 
EU, plus Norway, Iceland, and Liechtenstein [6]. 

To attempt to mitigate emissions in the avia- 
tion sector, although a Europe-wide emissions 
charge ‘has proved difficult’ [48], the emissions 
from international aviation were included as a 
binding policy from the 1 Jan. 2012 into the 
carbon market in the EU ETS [48]. Emissions 
from all flights arriving and departing from 
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airports in the EU were to be incorporated into 
the scheme, covering around a third of global 
aviation emissions. The aviation sector cap has 
been defined as 210 MtCOse per year for 
2013—2020 (and not decreasing). Also in 2012, 
85% of the allowances were allocated for free 
based on benchmarks [49]. For the time period 
2012—2020, 15% of allowances are to be auc- 
tioned and 82% allocated for free based on 
benchmarks. The remaining 3% constitutes a 
special reserve for new entrants and fast- 
growing airlines [49]. In response to a backlash 
from the aviation sector, in Apr. 2013 the EU 
temporarily suspended enforcement of the EU 
ETS requirements for flights operating from or 
to non-European countries, while continuing 
to apply the legislation to flights within and 
between countries in the European Economic 
Area, regardless of the carriers’ origin [49, 50]. 
The EU institutions will decide on how to fur- 
ther regulate aviation emissions within the EU 
ETS after 2016 based on progress within the 
ICAO on developing a global market-based 
mechanism to address international aviation 
emissions from 2020 [49]. 

The EU Directive 2009/30/EC sets targets 
for fuel suppliers to gradually reduce life cycle 
GHG emissions by up to 10% per unit of 
energy from fuel and energy supplied by 2020. 
This reduction should be obtainable through 
the use of biofuels and alternative fuels. It is 
recognized that production of biofuels in cer- 
tain developing countries might not meet min- 
imum environmental or social requirements, 
and these countries are encouraged to develop 
agreements and voluntary international or 
national schemes that cover key environmental 
and social considerations in order to promote 
the production of biofuels worldwide in a sus- 
tainable manner. 

In order to ensure the sustainability of alter- 
native fuels, a range of legal policies were 
implemented in Europe, in particular, the EU 
Renewable Energy Directive (EU RED) 2009/7 
28/EC [51] for the promotion of the use of 
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energy from renewable sources, including sus- 
tainability criteria for biofuels and bioliquids. 
The RED sets a 10% target for the use of 
renewable energy in transport by 2020, and is 
currently realizing a new public consultation 
related to the ‘preparation of a new Renewable 
Energy Directive for the period after 2020’. For 
aviation biofuels to be counted, this requires 
implementation at the member state level. At 
present this has only been implemented by the 
Netherlands [52]. 

Alongside the RED, the EU Fuel Quality 
Directive 2009/30/EC (FQD) sets a 6% target 
of GHG emission reduction from all energy 
used in transport for 2020 as compared to 
2010. The FQD target does not apply to avia- 
tion fuel, but is expected to be a driver for 
increased road biofuels, alongside the RED 
[52]. The RED and the FOD have harmonized 
requirements regarding biofuel sustainability 
[40]. National implementation of the EU RED 
is necessary and leads to differences between 
the policies in the EU member states, espe- 
cially with regard to priorities in market 
implementation of renewables in different 
energy sectors. 

Further progress of the EU RED with 
respect to aviation will depend on the commis- 
sion’s report (scheduled for 2021), which 
reviews the application of this directive. That 
report shall in particular address ‘technological 
developments in energy from renewable 
sources, including the development of the use 
of biofuels in commercial aviation’ [51] on the 
best cost-benefit basis. Also, the results of the 
COP21 negotiations in Paris might influence 
the further development of European policies 
on biofuel delivery. 


13.2.4 United States 


In the United States, several initiatives and 
broad national strategies of the federal govern- 
ment promote the development of a variety of 
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alternative fuels — partly including alternative 
jet fuel — to help achieve national goals, such 
as securing energy independence, fostering 
economic development, and reducing GHG 
emissions. In addition, the renewable fuel pro- 
gram — established by law in 2005 to encour- 
age greater use of renewable fuels — requires 
that US transportation fuels contain certain 
amounts of renewable fuels annually. Other 
federal agencies — that is, Department of 
Transportation’s (DOT) Federal Aviation 
Administration (FAA), US Department of 
Agriculture (USDA), Department of Energy 
(DOE), and Department of Defense (DOD) — 
directly support alternative jet fuels through 
targeted goals, initiatives, and interagency and 
industry coordination [41]. 

For example, the FAA set a goal for the US 
aviation industry to use 1 billion gallons of 
alternative jet fuels annually by 2018. The FAA 
and DOD support research to determine the 
technical feasibility of using new alternative jet 
fuels on aircraft and in the existing infrastruc- 
ture. Also, the USDA, DOE, and DOD have 
coordinated their activities to support the 
future construction or retrofit of multiple 
domestic commercial- or precommercial-scale 
production facilities to produce alternative 
fuels, including alternative jet fuels. One exam- 
ple is the Farm to Fly initiative that has 
brought together the US aviation community, 
government stakeholders, the USDA, the DOE, 
the DOT, and the DOD, and has already been 
extended to Farm to Fly 2.0 [53, 54]. 
Specifically, in May and Jun. 2013, four private 
fuel producers received awards totalling $20.5 
million in federal funds, with private industry 
paying at least 50% of the cost [41]. 

The USDA recently announced a loan 
guarantee, provided through the Biorefinery 
Assistance Program, to help innovative 
companies turn waste into renewable jet 
fuel [55]. Congress established the Biorefinery 
Assistance Program within in the 2008 Farm 
Bill. It reauthorized and extended the program 
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in the 2014 Farm Bill, and expanded the pro- 
gram to include bio-based renewable chemi- 
cals and bio-based product manufacturing 
through regulations to set forth upcoming 
application terms for additional loan guaran- 
tees under the program. 

One of the more prominent forms of federal 
policy support is the Renewable Fuel Standard 
(RFS), where a minimum volume of biofuels is 
to be used in the national transportation fuel 
supply each year. Congress first established 
the RFS with the enactment of the Energy 
Policy Act of 2005. The Energy Independence 
and Security Act of 2007 greatly expanded the 
biofuel mandate volumes and extended the 
date through 2022. The expanded RFS (RFS2) 
required the annual use of 9 billion gallons of 
biofuels in 2008, rising to 36 billion gallons in 
2022, with at least 16 billion gallons from cellu- 
losic biofuels, and a cap of 15 billion gallons 
for corn-starch ethanol. The RFS is a market- 
based compliance system in which involved 
parties have to submit credits (Renewable 
Identification Numbers (RINs)) to cover their 
obligations. Nevertheless, jet fuel, among other 
things, is excluded from RFS2’s national trans- 
portation fuel supply. Renewable fuels used 


for these purposes may, however, count 
towards the RFS2 mandates [56]. 
Therefore, a combination of incentives 


according to the RFS, and incentives for agri- 
culture, under the right conditions, may open 
the possibility for price-competitive biojet fuel 
being available [12]. 


13.2.5 Brazil 


Brazil has long experience with biofuels 
in the transport sector. Currently, Brazil does 
not have a specific policy for alternative 
aviation fuels, however, initiatives exist on 
the state level. As a member of ICAO, Brazil 
supports its goal of carbon-neutral growth 
from 2020 [57]. 
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In recent years, several initiatives have pro- 
moted alternative aviation fuels in Brazil. 
These include (among others) ABRABA, 
Sustainable Aviation Biofuels for Brazil, and 
the Brazilian Biojetfuel Platform [12,49,58]. In 
addition to these initiatives, in 2011 the US 
and Brazil signed a Memorandum of 
Understanding to cooperate on the develop- 
ment of renewable aviation biofuels [52]. Also, 
an action plan was formulated by industry 
and research stakeholders in 2013 [59]. 

Brazil’s first commercial biojet fuel flight 
(HEFA) was performed on 24 Oct. 2013. In 
2014, the Brazilian airline GOL made its first 
flight on a 10% blend of ASTM-certified SIP jet 
fuel [60]. Over 200 flights were made in 2014 
using alternative jet fuel in Brazil. 

A global aviation fuel supplier and an 
industrial partner providing conversion tech- 
nology currently collaborate to produce an 
alternative jet fuel blend containing 10% farne- 
sane fermented from Brazilian sugar cane [57]. 
The farnesene molecule is already produced at 
an initial commercial scale in Brotas in Brazil; 
it can deliver 40 kt of fuel per year. The plant 
mainly uses sugar cane, but the process can be 
applied to other feedstocks, in particular, cellu- 
losic sugars from woody biomass and agricul- 
tural or forest residues [35]. 

For policies concerning sustainability of 
Brazilian biojet fuels, only the decree on agro- 
ecological zoning for palm oil and sugar cane, 
as well as the decree on working conditions 
in the sugar cane industry, concern biofuel 
production. No laws have been implemented 
on GHG targets or chain of custody require- 
ments [52]. 

The main policies and actions required for 
Brazil, formulated by [61], are as follows: ‘(1) 
Establish the “drop-in” sites as far as possible 
downstream in the distribution chain without 
compromising fuel quality and technical certi- 
fication requirements of aviation; (2) Establish 
legal mechanisms to ensure that incentives for 
aviation biofuels are only available where 
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demonstrated to fully implement national laws 
and regulations, especially environmental and 
social safeguards, natural forest and other hab- 
itat protections, land use zoning and worker 
protections; (3) Observe closely and anticipate 
regulatory actions by ICAO in such a way to 
take advantage of international regulations to 
promote a jet biofuel industry in Brazil; (4) 
Establish a governmental long-term program 
for integrated use of biofuels in all transporta- 
tion modes in the country, to neutralize the 
cost difference of producing a “drop-in” fuel 
versus a product for biofuel-adapted engines 
as is the case for road transportation’ [61]. 


13.2.6 Other Countries 


A number of other countries have announced 
initiatives to stimulate the development of biojet 
fuel, or have in place sustainability require- 
ments. These include Australia (Australian 
Initiative for Sustainable Aviation Fuels, 
(AISAF)), New Zealand, China, and Korea 
(emission trading schemes) [12,49,58]. Indonesia 
has introduced a biojet fuel mandate of 2% com- 
mencing in 2016, rising to 5% by 2025 [12]. 

Besides funding of research and develop- 
ment, several initiatives and targets formulated 
by the industry have been examined. 
However, the inclusion of aviation and biojet 
fuels into ETS, and crediting for biofuel man- 
dates, remain the only direct policy measures. 


13.3 SUSTAINABILITY AND 
CERTIFICATION ISSUES 


Sustainability certification is an additional 
relevant field for governmental policies. The 
current ongoing debate on adopted sustain- 
ability criteria for bioenergy in general, and 
biojet fuels specifically, with first hand experi- 
ence with available certification schemes, is 
briefly described in the following section. 
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13.3.1 Sustainability Criteria for 
Biojet Fuels 


Sustainable biojet fuel provision is one of 
the major prerequisites of bio-based jet fuels as 
land and biomass are limited resources. Much 
uncertainty has recently developed with 
regards to how biofuel policies in several key 
markets will evolve. The discussions are 
driven by sustainability issues, including con- 
cern that feedstock production for biofuels 
contributes to deforestation or uses land that 
could be used to grow food. This could impact 
production, trade, and use of biofuels [6,62]. 
Sustainability criteria and standards have to be 
met along the whole complex provision chain 
of biomass to energy, from cultivation and har- 
vest/collection to conversion and use [69]. 

There is currently no dedicated indicator for 
biojet fuels, but a wide range of sustainability 
criteria and indicators for bioenergy is avail- 
able, and could be applied to biojet fuels. The 
following are two approaches for the applica- 
tion of sustainability criteria in the bioenergy 
field: (1) The EU’s RED, and (2) The Global 
Bioenergy Partnership (GBEP). 

When introducing the biofuels quota, the 
EU defined a set of sustainability indicators 
that needs to be fulfilled to get biofuels 
counted for the biofuels quota. So, biofuels 
and bioliquids produced in installations have 
to fulfill the following three indicators [51]: 


e Conversion of natural habitats: Energy 
crops must not be produced on 
biodiversity-rich areas, carbon-rich areas, 
and peat lands; 

e Sustainable agricultural production: Energy 
crop cultivation within the EU has to follow 
cross compliance requirements and 
maintain a good agricultural and 
environmental condition; 

e GHG mitigation potential: The biofuels have to 
achieve GHG emission savings of at least 60% 
relative to fossil fuels, starting from 1 Jan. 2018. 
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Those indicators have to be verified by certifi- 
cation of the whole value chain. Different certifi- 
cation schemes have to be introduced to trace 
the value chains back to the biomass production 
and to provide the demanded information for 
each unit of biofuel (see next section). An issue 
that is often discussed in relation to biofuels in 
general is indirect land use change (ILUC). 
Within the EU in 2009 [51], a factor was pro- 
posed for indirect land use changes in the calcu- 
lation of GHG emissions that uses concrete 
methodology to minimize those GHG emissions. 
Scientific work indicates that emissions from 
indirect land use change—emissions estimates 
are calculated through modelling, and remain 
sensitive to (and may vary according to) the 
modelling framework and assumptions made— 
can vary substantially between feedstocks, and 
can negate some or all of the GHG savings of 
individual biofuels relative to the fossil fuels 
they replace. The EU Commission was therefore 
of the ‘view that in the period after 2020 biofuels 
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which do not lead to substantial GHG savings 
(when emissions from indirect land use change 
are included) and are produced from crops 
used for food and feed should not be subsi- 
dized’ [63]. In 2015, members of the European 
Parliament adopted an EU Council text that 
sets a new target regime to limit the amount of 
crop-generated biofuels used in the transport 
sector [64]. This includes, for example, a cap for 
first-generation biofuels, national targets for 
advanced biofuels, and reporting on ILUC. 

Another approach was more holistic, taking 
not only environmental, but also economic and 
social factors, into consideration; it was devel- 
oped under the GBEP in 2011 [65]. Those indi- 
cators refer more to national bodies and aim to 
monitor the development of different effects 
from bioenergy use over time. In the first 
round, GBEP proposed 24 indicators distrib- 
uted over environmental, economic, and social 
principals (see Table 13.4). Those indicators 
are currently being tested in case studies. 


TABLE 13.4 GBEP Indicators to Describe Sustainable Bioenergy Use 


Environmental Social 


Lifecycle GHG emissions (1) 


Allocation and tenure of land for new 


Economic 


Productivity (17) 


bioenergy production (9) 


Soil quality (2) 
basket (10) 


Harvest levels of wood resources (3) 


Emissions of non-GHG air pollutants, 
including air toxics (4) 


Water use and efficiency (5) 


Water quality (6) 


Price and supply of a national food 


Change in income (11) 


Jobs in the bioenergy sector (12) 


Change in time spent by women and 
children for biomass collection (13) 


Bioenergy used to expand access to 


Net energy balance (18) 


Gross added value (19) 


Change in consumption of fossil 
fuels and traditional biomass (20) 


Training and re-qualification of 
the workforce (21) 


Energy density (22) 


modern energy services (14) 


Biological diversity in the 
landscape (7) 


Land use and land use change related 
to bioenergy feedstock production (8) 


Change in mortality and burden 
disease attributed to indoor smoke (15) 


Incidence of occupational injury, 
illness, and fatalities (16) 


Infrastructure and logistics for 
distribution of bioenergy (23) 


Capacity and flexibility of use of 
bioenergy (24) 


Data from GBEP, The Global Bioenergy Partnership Sustainability Indicators for Bioenergy. Global Bioenergy Partnership (GBEP), Food and 


Agriculture Organization of the United Nations (FAO), Rome, 2011. 
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13.3.2 Certification Schemes and First 
Experiences from Practice 


Besides a great variety of voluntary sustain- 
ability initiatives and standards (eg, ISO, CEN, 
and forest or biomass certification schemes), 
mandatory standards do apply on national/ 
regional (eg, EU ETS, EU RED, US RFS, Brazil 
Agroecological zoning) and international levels 
(UN CBD convention). The implementation of 
the standards is ensured through third-party 
certification systems. 

Three important voluntary standards and 
schemes are the following: 


e Roundtable on Sustainable Biomaterials 
(RSB); 

e International Sustainability and Carbon 
Certification (ISCC); 

e US Renewable Fuel Standard (RFS). 


The ISCC and the RSB EU RED are the 
main voluntary certification schemes recog- 
nized under the European RED. The US RFS is 
a mandatory approach that also provides an 
effective incentive system based on tradable 
certificates (RINs) that are generated for each 
batch of biofuel [61]. 

Further voluntary schemes commonly used 
to certify agricultural, forestry, and waste feed- 
stock are Biomass Biofuel Sustainability 
Voluntary Scheme (2BSvs), Bonsucro EU, and 
Roundtable on Sustainable Palm Oil (RSPO- 
RED) [52]. 

There are considerable differences between 
the standards in terms of the sustainability cri- 
teria. The applied methods for lifecycle analy- 
sis of GHG emissions are also not directly 
comparable to each other. Therefore, at the 
ICAO level (ie, 191 states), it will be challeng- 
ing according to IATA [66] to ‘define a pre- 
ferred set of sustainability criteria that have a 
chance to be accepted’ [35]. 

The certification itself is applicable. There is 
still a need to have international agreements or 
mutual recognition of different standards (EU 
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RED and RFS2), and to develop a metastan- 
dard for aviation biofuels that was formulated 
by Refs [52,40]. 

When it comes to practical experiences, 
the RSB has already certified a biojet fuel 
supplier, and several aviation biofuel initia- 
tives have recommended using RSB stan- 
dards for their biofuel supplies. Also, 
feedstock supply for biojet fuel has already 
been RSB certified [61]. 


13.4 CONCLUSION AND 
OUTLOOK: WHAT IS NECESSARY 
TO BRING BIOJET FUELS INTO 
THE MARKETS 


This chapter has assessed the main deter- 
mining factors that shape the use of biofuels in 
commercial air transport. As stated, aviation is 
a global industry with global problems and 
challenges, and it demands global actions and 
solutions. Additionally, it is an industry for 
which an increase in fuel demand is expected. 
In answering those expectations, the IATA is 
committed to achieving carbon-neutral growth 
by 2020 and 50% reduction by 2050. To achieve 
those targets, biojet fuels are seen as one neces- 
sary element. 

Some relevant preconditions of the market 
implementation of biojet fuels have been 
achieved during the last decade, especially the 
following: 


e Demonstration of a wide range of biojet 
fuels that have been tested successfully; 

e Definition of technical standards for drop-in 
biojet fuels, which are already fulfilled by 
three different biojet fuels (HEFA, F-T, and 
SIP); 

e Establishment of sustainability assessment 
approaches and certification schemes for the 
biofuel sector, which can be implemented in 
the biojet fuel sector in principle; 
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e Multistakeholder groups around the world 
are already working together on initiatives 
for the deployment of biojet fuels. Some 
examples include CAAFI (US); Ubrabio 
(Brazil); Initiative Towards sustAinable 
Kerosene for Aviation, (mainly EU); aireg 
(Germany); Bioqueroseno (Spain); Bioport 
Holland (The Netherlands); Plan de Vuelo 
(Mexico); AISAF (Australia); NISA (Nordic 
countries); and BioFuelNet Canada [12]. 


On the other hand, there are many challenges 
to solve, and uncertainties to consider, before 
biojet fuels can be used in aviation on any signif- 
icant scale, which can be summarized as follows: 


e So far no mandatory international targets, 
international standards, or international 
certification schemes exist [40, 52]; 

e Production costs remain the main stumbling 
block, and, even if they are expected to fall 
when more capacity is installed, additional 
governmental policy is necessary to make 
biojet fuels price-competitive by 2020—2030. 
Having the sustainability certification 
process being adapted to incorporate the 
use of biojet fuels is not expected to be an 
obstacle for its deployment in the medium 
term, though this will add additional costs; 

e Mainly GHG savings, land conversion 
restrictions, and biodiversity and carbon 
stock protection are included in national 
legislation and voluntary schemes, whereas 
economic and social criteria and soil, air, 
and water protection are not (or only 
partially) included [35, 52]; 

e Uncertainties on the achievable 
environmental effects of biojet fuel 
substitution are reported, concerning the no- 
carbon greenhouse effect of the air traffic 
and the GHG emissions of land use change 
caused by biojet fuel feedstock provision. 
Therefore, even in an advanced biojet fuel 
scenario, the aviation sector will continue to 
cause an increasing portion of greenhouse 
effects until 2050. 


13. GOVERNMENT POLICY ON DELIVERING BIOFUELS FOR THE AVIATION SECTOR 


Government policies that bring biojet fuels 
to the market need to address different issues. 

One key issue for delivering biofuels for the 
aviation sector is the development of an appro- 
priate support mechanism. To achieve econo- 
mies of scale and cost reduction for biojet fuel 
provision, a stable, long-term policy frame- 
work to build investor confidence and induce 
demand is necessary. This could be achieved, 
for example, by blending mandates, higher 
carbon taxes or penalties, taxation of fossil jet 
fuel, or by integration into international ETSs. 
In the past, the implementation of the EU ETS 
for biojet fuels did not succeed due to interna- 
tional competition issues. Those experiences 
clearly show that international agreements are 
a key factor. The best way might be to negoti- 
ate the frame condition for biojet fuel imple- 
mentation within the international negotiation 
on GHG emission reduction. 

Another key issue is the provision of sustain- 
able biojet fuels. With the existing certification 
schemes in general, a sustainable production of 
biojet fuels under today’s definition of suitabil- 
ity can be certified. The next necessary step is to 
harmonize those schemes with regard to their 
applicability in the aviation sector. Additionally, 
it is necessary to also include the major concern 
of biomass availability. Therefore, biojet fuel 
policies need to be linked with other bioenergy 
application fields (biofuels for land transport, 
heat production from biomass, etc.) in order to 
make sure that restricted land is not promised 
to different applications in parallel. Such an 
overall bioenergy strategy is often missing on a 
country level, and also in the international 
debate. Additionally, GHG emission reduction 
from the use of biojet fuels is still discussed on a 
scientific basis and might change the picture in 
the future. Monitoring systems for bioenergy 
(with biojet fuels as part of them) need to be 
implemented internationally to make sure that 
the intended effects on GHG reduction occur, 
and leakage effects (such as direct and ILUC) 
are detected at early stages. 
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The third key issue is to provide long-term 
stable support for research and development 
in the different fields of biojet fuels, including: 
(1) improvements in costs and efficiency of 
biojet fuel production, logistics, and use; (2) 
further development of sustainability criteria 
and certification approaches; and (3) integra- 
tion of biojet fuels in overall concepts of an 
efficient (and mainly based on) renewable 
energy supply in the future. 

From an industry perspective, IATA [67] 
sees the role of government as especially 
important in helping to: 


e Adopt globally recognized sustainability 
standards and work proactively to harmonize 
global standards; 

e Allow biojet fuel to compete on an equal basis with 
land transport-based fuels through equivalent 
public incentives (ie, ‘level the playing field’); 

e Encourage user-friendly biofuel accounting 
methods, and work to proactively harmonize 
global standards; 

e Support biojet R&D and demonstration plants; 

e Design effective policy to de-risk investments 
into biojet production plants; 

e Engage in public-private partnerships for biojet 
fuel production and supply; 

e Pursue a harmonized transport and energy 
policy; 

e Commit to policy certainty, or at a minimum, 
policy timeframes that match investment 
timeframes. 


Ref. [12]. 
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14.1 INTRODUCTION 


The UK’s Sustainable Aviation (SA) group 
was launched in 2005 and brought together the 
main players from UK airlines, airports, manu- 
facturers, and air navigation service providers. 
SA has established a long-term strategy that 
sets out the collective approach of UK aviation 
to tackling the challenge of ensuring a sustain- 
able future for our industry. The aerospace 
and aviation sectors make a vital contribution 
to the UK economy, generating a turnover of 
more than £60 billion and contributing £52 bil- 
lion (3.4%) to the UK’s GDP [1]. This chapter is 
an overview of a detailed UK roadmap devel- 
oped in 2014 by the SA group [2]. 


14.1.1 The UK Sustainable Aviation 
Carbon Dioxide Roadmap 


In 2012, SA published its Carbon Dioxide 
(CO2) Roadmap [3], setting out the UK’s aero- 
space industry’s combined view that UK avia- 
tion is able to accommodate significant growth 
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up to 2050 without a substantial increase in 
absolute CO, emissions. We also support the 
reduction of net CO, emissions to 50% of 2005 
levels through internationally agreed-upon 
carbon trading. This is shown in the chart 
below (Fig. 14.1). 

SA estimated that by 2050 sustainable fuels 
will offer between 15% and 24% reduction in 
CO, emissions, attributable to UK aviation. This 
assumption was based on a 25—40% penetration 
of sustainable fuels into the global aviation fuel 
market, coupled with a 60% life-cycle CO, sav- 
ings per litre of fossil fuel displaced. For the pur- 
poses of our Roadmap, SA assumed an 18% 
reduction in CO, emissions from UK aviation 
through the use of sustainable fuels. 

In recent years, significant technical prog- 
ress has been made towards the commerciali- 
zation of sustainable alternatives to fossil fuel. 
Several demonstration flights have been 
undertaken, using ‘drop-in’ solutions that rep- 
licate the characteristics of fossil fuel. Many 
different fuel production and conversion pro- 
cesses are being developed. These have used 
an array of different feedstocks, including 
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municipal waste and waste gases from heavy 
industry, algae, and sustainable crops (ie, those 
grown on nonagricultural land and crop 
residues). The ASTM International Fuels 
Standards Committee has now approved three 
production processes that can generate sus- 
tainable fuels, and airlines have flown revenue 
flights (ie, carrying fare-paying passengers) 
using sustainable fuels blended with fossil 
fuel. Thus technically feasible solutions already 
exist. However, at the moment, the market is 
at a nascent stage of development, and these 
fuels are produced in small volumes at rela- 
tively high cost, and are therefore are not yet 
commercially competitive. The ultimate goal is 
to develop commercial, sustainable, ‘drop-in’ 
fuel solutions to supply an increasingly signifi- 
cant proportion of the fuel at airports in the 
United Kingdom, and at airports with flights 
to the United Kingdom. 

Since publishing its CO, Roadmap in 2012, 
SA has continued to review its earlier assump- 
tions about the role of sustainable fuels in 
achieving an 18% reduction in total CO, emis- 
sions from UK departing flights by 2050. In 
order to develop a more detailed assessment 
of the contribution from sustainable fuels and 
their pathway towards commercialization, SA 
commissioned the sustainable fuels consul- 
tancy E4tech to conduct a more detailed study. 
The output of this work has been used to 
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FIGURE 14.1 The sustainable 
aviation CO, roadmap (2012). 
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outline the economic and policy conditions 
that would maximize this potential. 
Developing this roadmap presented some 
challenges as it is inherently difficult to fore- 
cast the size and shape of a new supply mar- 
ket. In the case of sustainable fuels, the 
industry is very much in its infancy. The 
International Civil Aviation Organization 
(ICAO) is presently working at a global level 
to model scenarios setting out the global 
potential of sustainable fuels. Inevitably, the 
technical potential for this new industry will 
be realized only if governments support the 
development of sustainable fuel supply chains. 
The UK’s SA group is committed to work- 
ing collaboratively to accelerate the develop- 
ment and commercialization of advanced 
sustainable fuels. To create this new industrial 
sector, significant government support for 
innovation and investment in a new bio- 
economy will be required. The UK government 
has identified this potential within their report 
‘Building a High Value Bioeconomy (2014)’ [4]. 


14.1.2 Priorities for the Roadmap 


The roadmap identifies the opportunities 
that exist to move sustainable fuels forward, 
and offers proposals on the roles that industry 
and government can play in realizing this 
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opportunity. The aerospace industry already 
has the experience of successful collaborative 
initiatives with the government to grow and 
promote high-value technologies and jobs — 
SA firmly believes that this model would form 
a good foundation to develop a similar 
approach for sustainable fuels. 

The specific objectives of this roadmap were 
the following: 


1. To identify and forecast global and UK 
potential sustainable fuel production 
volumes out to 2050 and to relate these to 
the assumptions made in the 2012 SA CO, 
Roadmap; 

2. To show the extent to which UK aviation 
alternative fuels can contribute to the 
decarbonization of the UK economy and 
enhance UK fuel security; 

3. To demonstrate a viable market potential 
for advanced sustainable fuels to producers, 
refiners, investors, and other stakeholders; 

4. To highlight the potential for this new 
industry in terms of job creation, growth, 
and improved fuel security in the United 
Kingdom; 

5. To secure government engagement and 
support for sustainable fuels for aviation. 


14.2 SUSTAINABILITY 


14.2.1 Definition of Sustainable Fuels 


Over the last eight years, concerns over the 
sustainability of certain biofuel production 
pathways have grown, with an increasing 
body of evidence that some biofuels can lead 
to higher greenhouse gas (GHG) emissions 
than the fossil fuels they are replacing. In addi- 
tion, impact on biodiversity and land use — as 
well as other socioeconomic impacts — have 
led to concerns about increasing the deploy- 
ment of first-generation fuels. One of the key 
priorities for the roadmap was to ensure that 
the sustainable fuels used in the modelling 
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exercise would not lead to unintended nega- 
tive consequences for environmental systems. 

SA members are committed to the develop- 
ment of sustainable fuels that offer signifi- 
cantly reduced life cycle GHG emissions over 
fossil fuels. These fuels ideally possess the fol- 
lowing characteristics: 


e Meet stringent sustainability standards with 
respect to land, water, and energy use; 

e Avoid Direct and Indirect Land Use Change 
(ILUC) impacts (eg, tropical deforestation); 

e Do not displace or compete with food crops; 

e Provide a positive socioeconomic impact; 

e Exhibit minimal impact on biodiversity. 


14.2.2 Indirect Impacts 


Direct impacts can generally be measured 
and attributed to the fuel’s production process 
within a GHG life cycle analysis (LCA). 
However, there is also concern that fuel pro- 
duction can have negative, unintended conse- 
quences, with the most cited examples being 
ILUC, in which the production of newly 
demanded products on existing croplands dis- 
places other agricultural activities to previ- 
ously nonproductive land. ILUC displaces 
other agricultural activity to other high carbon 
stock land (eg, tropical forests), and is there- 
fore a significant concern. 

Members of the aviation industry have been 
heavily engaged in discussions with non- 
governmental organizations (NGOs) and pol- 
icymakers to ensure that the sustainable fuels 
they are considering using do not generate risks 
of negative ILUC impacts. One major way of 
mitigating the risk of ILUC is through the use 
of feedstocks based on waste materials and resi- 
dues. Other ways in which the risk of ILUC 
impacts can be mitigated are the following: 


e Production of feedstock on unused land, 
that is, land that is not currently used to 
provide provisioning services; 
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e Increasing feedstock availability for 
sustainable fuels without increasing the 
pressure on land use through increased 
yield or land productivity; 

e Feedstock production on underused land — 
that is, land that falls between the above 
two categories; 

e Increased feedstock availability through 
reduction in post-harvest waste; 

e Integrating food and fuel production in 
ways that lead to higher overall land 
productivity; 

e Using feedstocks that require minimal land, 
such as algae. 


Sometimes fuels are referred to in terms of 
the generation of the technology with which 
they are associated (1st, 2nd, 3rd, etc.), or as 
‘Advanced’ compared to early types of feed- 
stock and processes. This is a shorthand way 
of distinguishing sustainable from nonsustain- 
able fuels. Such classifications can sometimes 
be overly simplistic, and do not provide a con- 
sistent indication of sustainability. 

There is a considerable body of research, 
including the 2008 Gallagher Review [5], 
which has highlighted the potential indirect 
effects of directing biomass resources to energy 
and fuel applications. Some of these impacts 
are not captured within existing LCA methods, 
and this has been a concern for European 
Union (EU) policymakers. The widening use of 
food for fuel has become controversial as bio- 
fuels have been linked to higher food prices 
and consequently incentivizing the increased 
conversion of land to agricultural use. For 
these reasons, SA decided on a conservative 
approach to the types of feedstocks that would 
be used in future fuel production. 

For the purpose of this roadmap, SA has 
chosen to focus on those fuels that are pro- 
duced from wastes, residues, and nonfood 
crops grown on degraded lands. This is 
referred to more fully in Section 14.4.1. 
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14.2.3 Sustainability Standards 
and Certification 


Sustainability standards have been devel- 
oped to provide reassurances that supply 
chains are robust and provide genuine envi- 
ronmental and climate benefits. Increasingly, 
they also address socioeconomic aspects of 
fuel production. Some of these standards are 
national or regional standards that are embod- 
ied in legislation. Others are voluntary stan- 
dards developed by trade-based bodies or 
NGOs. 

SA members are actively supportive of the 
Roundtable on Sustainable Biomaterials (RSB), 
widely recognized as the most robust global sus- 
tainability standard. The RSB is an international, 
multistakeholder standard organization that has 
developed a feedstock-and-technology-neutral 
global standard for sustainability [6]. 

The possible extent of negative ILUC and 
the resulting GHG emissions that may occur 
as a result of additional demands for a variety 
of crops in different regions is not fully under- 
stood. Considerable work has been done to 
identify policies and practices that mitigate the 
risk of causing negative ILUC, notably by 
WWE International, Ecofys, and EPFL [7]. One 
way to mitigate the risk of [LUC is through the 
use of feedstock based on waste materials and 
residues for fuel production. The RSB has also 
introduced a new sustainability standard 
based on these principles [8]. 

SA members have been focused on under- 
standing best practices in this area, and are 
working with ICAO, the International Air 
Transport Association, Ecofys, and NGOs to 
develop globally harmonized sustainability cri- 
teria. Ecofys [9] SA believes that careful feed- 
stock selection that leads to minimal land use 
and ILUC impacts, coupled with the use of a 
robust independent standard which is inde- 
pendently audited, provides the highest level 
of assurance. 
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The UK government was at the forefront of 14.3.1 The Need for ‘Drop-In’ Fuels? 
development of sustainability standards within 


in the EU, and the aviation sector and govern- 
ments should work together to ensure that 
sustainability of fuel production globally is pri- 
oritized as a complement to the development of 
a global climate change policy for aviation. 


There has been great progress in the devel- 
opment of sustainable alternatives to fossil 
fuel. These new fuels are often referred to as 
‘drop-in’ fuels as they have a similar chemical 
composition to fossil fuels and can be 
completely blended with existing fuels. New 
fuels that meet the performance specifications 
(referred to as certified fuels) can be delivered 

14.3 DEVELOPING SUSTAINABLE into bulk storage and delivery systems at air- 
FUELS ports, and can be used alongside fossil fuel. 
The fact that the fuels are ‘drop-in’ means 

Developing sustainable fuels requires a that no modifications have to be made to exist- 
number of processes to come together. This is ing aircraft and engines, or to airport infra- 
depicted in the diagram below (Fig. 14.2). structure. This innovation has led to the 


FIGURE 14.2 Elements required 
to deliver sustainable fuels. 
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creation of a new generation of fuels that are 
able to deliver emissions benefits alongside 
sustainability benefits. 

Both aircraft and engine manufacturers are 
working on new, innovative propulsion sys- 
tems (eg, Boeing and Airbus) [10,11]. These 
include electric hybrid systems, full electric 
propulsion systems, and the use of solar 
power. All these have the long-term potential 
to reduce and possibly eliminate the need for 
liquid hydrocarbon fuels, however, these are 
not likely to reach commercial production 
within the next thirty years. The timeframe of 
the roadmap (ie, up to 2050) will focus exclu- 
sively on liquid hydrocarbon fuels that can be 
manufactured from renewable feedstock. 


14.3.2 Feedstock Availability 
and Sustainability 


Aviation fuels are produced by taking a 
feedstock and converting it via industrial pro- 
cesses into a fuel. A range of different potential 
feedstocks have been identified. Some are 
based on oil crops such as algae and other 
nonfood feedstocks, while others are based on 
waste sources such as municipal solid waste, 
used cooking oil, and waste industrial gases. 
The sophisticated processing technologies nec- 
essary for the manufacturing of aviation fuels 
will widen the number of available feedstock 
types; many of these are low-grade, low-value 
materials. 

The European Climate Framework and the 
International Council on Clean Transportation 
(2014) [12] published a report on the availabil- 
ity of cellulosic wastes and residues in the EU 
that identified a potential of 900 million tonnes 
of available waste material in the EU. Of this, 
it is estimated that 220—230 million tonnes can 
sustainably be recovered for energy produc- 
tion. The conversion of this into sustainable 
fuels could generate 36.7 million tonnes of bio- 
fuel for all transport modes. 
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There have been a number of reports over 
recent years outlining both feedstock availability 
and the significant potential for the development 
of conversion technologies in the United 
Kingdom. Low Carbon Innovation Coordination 
Group [13], House of Commons, Science and 
Technology Select Committee (2014) [14]. 


14.3.3 EU Legislation 


The EU has a target to obtain 10% of its 
transport fuels from renewable sources by 
2020. To achieve this goal, the EU Renewable 
Energy Directive (RED) established renew- 
able energy mandates and financial incen- 
tives for eligible fuels. The RED specified a 
number of sustainability criteria that fuels 
must meet in order to be deemed ‘sustain- 
able’ within the EU: 


e Minimum level of GHG emissions savings 
of 35% compared to fossil fuels, rising to 
50% from 1 Jan. 2017, and 60% from 1 Jan. 
2018 for new plants that begin production 
beginning in 2017; 

e Areas of high carbon stock (eg, wetland, 
forest, and peatland) should not be used for 
fuel production; 

e Land with high biodiversity should not be 
used for biofuel production. 


The EU (2015) [15] also implemented 
changes to existing legislation to address con- 
cerns about ILUC impact: 


e Limit the volume of crop-based biofuels 
counting towards the RED target to 7% by 
volume; 

e Introduce an introductory target for 
advanced biofuels for introduction by 
member states into national targets in 2017; 

e Harmonize the feedstock types that qualify 
for double counting within the RED; 

e Introduce a GHG savings of 60% minimum 
for new installations. 
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These changes could provide greater poten- 
tial for the production of aviation fuels as the 
restriction on crop-based fuels and a sub-target 
for advanced fuels are likely to lead to a modest 
boost in production in the period up to 2020. 


14.3.4 The UK’s Legislative Framework 


The EU RED is then transposed into national 
legislation by member states. In the United 
Kingdom the RED is implemented through the 
Renewable Transport Fuel Obligation (RTFO). 
Under the RTFO, those supplying biofuels must 
meet specified sustainability criteria in order for 
their fuels to be recognized as being entitled to 
the benefit of Renewable Transport Fuel 
Certificates (RTFCs). Obliged fuel suppliers are 
required to redeem a number of RTFCs in pro- 
portion to the volume of unsustainable fuel (eg, 
fossil fuels) they supply. RTFCs may be earned 
by any company supplying sustainable fuels. 
They may be bought or sold on an open market. 
Obligated suppliers also have the option to ‘buy 
out’ their obligation, paying a fixed fee per litre 
of sustainable fuel that would otherwise have to 
have been supplied to earn RTFCs. Fuels from 
wastes and residues (and lignocellulosic and 
nonfood cellulosic feedstocks) earn double cred- 
its. These fuels receive twice as many RTFCs 
per litre. For all fuels, sustainability data sup- 
plied must be independently verified by a qual- 
ified third party. 

A number of different voluntary standards 
exist that relate to biofuels. The most robust 
of these have been developed through multi- 
stakeholder frameworks and follow the 
ISEAL Principles. The ISEAL Alliance is an 
NGO whose mission is to promote best prac- 
tices in standards organizations and certifica- 
tion systems. Membership is open to all 
multistakeholder sustainability standards and 
accreditation bodies that demonstrate their 
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ability to meet the ISEAL Codes of Good 
Practice and accompanying requirements, 
and who commit to learning and improving. 
The EU has formally recognized a number of 
voluntary standards approved to demonstrate 
compliance with the EU RED sustainability 
requirements. These include the RSB standard. 


14.4 SUSTAINABLE FUEL SUPPLY 
POTENTIAL 


Rapid progress in the technological devel- 
opment of sustainable fuels for aviation has 
been made since the first sustainable fuel 
gained certification for commercial aviation in 
2009. SA appointed E4tech to assess the poten- 
tial role of sustainable fuels in achieving car- 
bon reductions from UK departing flights’ in 
the period up to 2030, and to estimate the role 
played by these fuels from 2030 to 2050. 


14.4.1 Scope 


In this study, E4tech provided an estimate 
of how much sustainable fuel could be pro- 
duced globally and in the United Kingdom up 
to 2030, and the CO, emissions savings that 
could be achieved through the use of sustain- 
able fuels. From this, E4tech also estimated the 
volume of sustainable fuel required to meet 
the SA projections for 2050, and discussed the 
viability of these aims. 

SA defines sustainable fuels as those fuels 
that are produced from wastes (including the 
biogenic and nonbiogenic fractions of postcon- 
sumer and industrial wastes), residues, and 
nonfood crops from degraded land (avoiding 
food versus fuel conflicts and the impact of 
ILUC). This report therefore considered fuels 
fitting this definition, and also additional sus- 
tainability criteria. 


"This is consistent with UK government accounting principles and is the approach taken in previous SA 


roadmaps. 
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Due to the fuel supply infrastructure and 
fuel quality requirements, sustainable fuels are 
blended with fossil fuel. As a result, this report 
includes only sustainable fuels that have been, 
or are expected to be, approved as fossil fuel 
blending components by the relevant stan- 
dardization organizations. 

The scope of the SA CO, Roadmap includes 
all commercial flights departing from UK air- 
ports, and therefore the potential UK supply of 
sustainable fuels is presented relative to the 
projected fuel demand for all those flights. At 
present, the majority of fuel used in flights 
departing from UK airports is dispensed 
within the United Kingdom, and fossil fuel is 
imported to meet current UK demands. But in 
the case of sustainable fuels, the industry 
believes that in the near term they will be used 
near the point of production, at least while 
volumes remain relatively low and prices 
high. In the longer term, sustainable fuels may 
become commoditized and traded internation- 
ally as supply and demand dictates. 

The approach focused on estimating global 
and UK production of sustainable fuels up to 
2030, and the potential CO, emissions savings 
that may be realized through their use. If the 
scale of ambition of the UK aviation industry 
to reduce CO, emissions remains high, and 
appropriate support mechanisms are in place, 
it is possible that UK aviation could access 
greater volumes of sustainable fuels to those 
produced in the United Kingdom, uplifting 
sustainable fuels at other airports, or importing 
sustainable fuels into the United Kingdom. 


14.4.2 Approach 


The approach taken assumed that the main 
constraint to the supply of sustainable fuels up 
to 2030 would be limited production capacity, 
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due to the low levels of existing capacity and 
the early stage of development of the majority 
of technologies. 

2020: Sustainable fuel potential is equal to 
estimated UK and global production capacity, 
based on an inventory of operational and 
planned plants (see Table 14.1). This 
table reflects the state of play in the latter half 
of 2014. 

2030: Assumed sustainable fuels are pro- 
duced by processes that have been proven at 
pilot scale as a minimum. Production capacity 
is estimated based on scenario analysis, 
which defines plant build rates and produc- 
tion capacity growth between 2020 and 2030. 
The scenarios are defined based on the eco- 
nomic capacity for increased production 
capacity across the sustainable fuels sector 
and the scale of ambition for sustainable fuels 
in the aviation sector. We used the following 
three scenarios for sustainable fuel availabil- 
ity up to 2030: 


e Business as Usual (BAU): This scenario 
describes a situation in which continued 
policy uncertainty leads to low growth in 
sustainable fuel production capacity for all 
transport modes. 

e Low: This scenario describes a future in 
which strong growth in the production of 
sustainable fuels for road transport results 
in availability of fuels for aviation, although 
aviation continues to consume only a small 
proportion of fuel production. This scenario 
may emerge from a policy framework that 
continues to promote the use of sustainable 
fuels in road transport, but where the 
implementation of policy to support the use 
of sustainable fuels in aviation is largely 
delayed beyond 2030. 

e High: This scenario describes an ambitious 
trajectory where low financial constraints 


*This analysis found constrained growth in the production of sustainable fuels and strong demand from the 


aviation sector lead to a similar result. 
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TABLE 14.1 Summary of Operational and Planned Plants 


Process Producer 


HEFA Neste 


UOP 

ENI 

Dynamic fuels 

Darling Int. and valero 
Alt air 


Emerald biofuels 


F-T Haldor topsoe 


Syntroleum 


TRI 


UPM 


Red rock biofuels 


Solena 


Forest BTL 
ATJ Terrabon 


Fulcrum biofuels 


Location 


Finland 


Singapore 
Netherlands 
United States 
Italy 

United States 
United States 
United States 


United States 


United States 
China 
Canada 


United States 


Finland 
France 


United States 


United Kingdom 


Italy 
Australia 
Ireland 
India 
Turkey 
Germany 
Sweden 
Finland 


United States 


Status 


Operational 


Operational 
Operational 
Operational 
Operational 
Operational 
Under construction 


Under construction 


Operational 
Operational 


Operational 


Under construction 


Operational 


Operational 
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TPA 


38,000 
38,000 
160,000 
160,000 
2000 
62,000 
47,000 
90,000 
56,000 
53,000 
94,000 
350 
1400 
7000 
7000 
13,000 
20,000 
37,000 
17,000 
50,000 
50,000 
50,000 
50,000 
150,000 
50,000 
50,000 
50,000 
29,000 
80 

800 
Demonstration 


(Continued) 
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TABLE 14.1 (Continued) 
Process Producer Location Status TPA 
United States 5000 
Swedish biofuels Europe 5000 
LanzaTech China 40,000 
SIP Virent United States Operational <10 
Solazymes Galva, Iowa, United States Operational 50,000 
Amyris Brazil Operational 40,000 
40,000 
LS9 United States Operational 700 
16,000 
Brazil 120,000 
HDCJ Allenotech United States Operational Pilot 
KiOR United States Operational 7800 
23,000 
UOP Hawaii Under construction 30 
BTG Netherlands 3500 
Other Licella Australia Operational Pilot 
8500 
Blue sun United States 2000 
Biochemtex Europe 2000 


result in strong growth in the production 
capacity for sustainable fuels and strong 
market pull from the aviation sector due to, 
for example, strong support policies. It 
results in a high proportion of new capacity 
producing sustainable fuels. 


2050: Estimated the volume of sustainable 
fuel required to achieve GHG emissions sav- 
ings of between 18% and 24%” in the United 
Kingdom, and quantified the annual growth 
rates required to achieve this aim. 


UK aviation is not alone in its ambition to 
achieve carbon-neutral growth, and its interest in 
using sustainable fuels in order to achieve these 
ambitions. We have therefore estimated global 
demand for sustainable fuels based on equal 
international GHG emissions savings targets. 

Under this approach, the UK’s use of sustain- 
able fuel is assumed to be proportionate to its 
share of the commercial aviation market. UK 
aviation could, however, play a greater role in 
stimulating the demand for sustainable fuels. 


°Corresponding to the central and high projections of the SA CO, Roadmap. 
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14.4.3 Assumptions 


The sustainable fuel potential is based on an 
inventory of operational and planned plants 
that could produce ‘drop-in’ fuels suitable for 
aviation, based on publically available infor- 
mation on pilot, demonstration, and commer- 
cial plants. The technology pathways are 
presented in other chapters of this book, and 
are therefore not replicated here. Projected 
capacity is given in Table 14.1. 

The inventory provides an estimate of the 
pipeline up to 2020. However, there is uncer- 
tainty over how many plants will be successfully 
established due to a wide range of technical and 
market barriers. Individual projects have there- 
fore been assigned a realization potential factor 
based on the stage of development.* 

Total production capacity in 2020 is calcu- 
lated as a function of reported plant size, 
potential aviation fuel fraction, and realization 
potential. Where the volume of fuel is not 
stated, we have assumed the fossil fuel fraction 
is equal to the low boundary of the ranges pre- 
sented in Table 14.2. For the United Kingdom, 
2020 production capacity is based on planned 
plants, and a higher estimate is based on the 
UK share of the commercial aviation market. 
In 2020, the UK share of commercial aviation 
is estimated by SA on the basis of Revenue 
Passenger Kilometres at 4.8%. 

The global production capacity increase 
between 2020 and 2030 is calculated based on 
the lower and upper build rates, average plant 
size, and aviation fuel fraction presented in 
Table 14.2. Under the BAU scenario, produc- 
tion capacity increase is calculated as the 
product of the lower build rate, average plant 
size, and lower aviation fuel fraction, summed 
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for all technology groups. Under the low sce- 
nario, production capacity increase is calcu- 
lated as the product of upper build rate, 
average plant size, and lower aviation fuel 
fraction for technologies; and under the high 
scenario, production capacity increase is calcu- 
lated as the product of the upper build rate, 
average plant size, and upper aviation fuel 
fraction for all technologies. The plant build 
rate assumptions are based on the current 
technology status, historical build rates, and 
the number of technology providers [16]. 

Between 2020 and 2030, UK production 
capacity is estimated to grow in line with 
global production capacity, at average annual 
growth rates of between 8% and 26%. Due to 
there being a small number of plants, we have 
added an integer analysis to ensure total 
volumes represent full-scale plants. 

The GHG emissions for each fuel type have 
been estimated based on reported literature 
values for a representative range of feedstocks. 
We have assumed annual improvements in life 
cycle GHG emissions of 1% per year for estab- 
lished technologies (hydroprocessed esters and 
fatty acids, HEFA; and Fischer—Tropsch, F-T), 
and 2% per annum for technologies at an ear- 
lier stage of development which may achieve 
greater efficiency improvements (SIP; alcohol 
to jet, ATJ; and hydrotreated depolymerized 
cellulosic jet, HDCJ). Emission savings are cal- 
culated based on a GHG emissions factor for 
fossil fuel of 3.15 tCOzeq/t. 


14.4.4 Results 


The potential global supply of sustainable 
fuels for aviation is estimated to be 1.3 million 


“Operational plants and those under construction allocated a realization factor of 1, and 0.75 is allocated to 
projects at the advanced stages of development, which may be indicated by site identification, planning and 
permits, and/or off-take agreements. Projects at earlier stages of development are at 0.5, and announcements that 


indicate an aim or interest in developing plants are at 0.25. 
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TABLE 14.2 Assumptions for Global Production Capacity Growth for Each Technology Group (2030) 


Build Rate Average Plant Size Sustainable Fuel Fraction 
Lower Upper TPA Lower (%) Upper (%) 
HEFA 8 16 280,000 20 60 
F-T 12 28 124,000 20 50 
SIP 36 67 40,000—115,000° 20 60 
ATJ 12 52 55,000—155,000° 50 50 
HDCJ 6 14 120,000 20 60 


“Synthesized isoparaffin (SIP) represents a group of technologies expected to operate at different scales. We have therefore applied different assumptions 


on plant size under the BAU and low/high scenarios. 
"For ethanol plant sizes, the range represents different plant locations. 


tonnes in 2020. This includes between 50,000 
and 60,000 tonnes of UK production, and 
represents approximately 0.45% of total avia- 
tion fuel demand. 

The prospects for the United Kingdom are 
largely dependent on the success of the 
planned British Airways (BA) waste to fuels 
plant in London. In addition, some other 
technologies, such as the Virgin Atlantic/ 
LanzaTech plans to process waste gases from 
steel production, could also be implemented in 
the United Kingdom before 2020. 

The main focus of this study is the estima- 
tion of the potential supply of sustainable fuels 
up to 2030. This is estimated based on scenar- 
ios for growth that consider these two factors: 


e Economic capacity: This is the capacity of the 
sustainable fuels industry to invest in new 
production capacity and to commercialize 
technologies at early stages of development. 
It determines the potential growth in 
production of sustainable fuels. 

e Scale of the ambition for sustainable aviation: 
This is the market pull for sustainable fuel, 
which includes the scale of ambition of the 
industry, political focus, and regulatory 
support for the use of sustainable fuels in 
aviation. This determines the volume of 
sustainable fuel allocated to aviation. 


The purpose of the scenario analysis is to 
determine the range of possible futures in 2030 
rather than to focus on the potential for specific 
technologies or products. For this reason, growth 
has been modelled based on five categories of 
sustainable fuels that may be suitable for avia- 
tion, which represent the wide range of technol- 
ogies currently under development. 

It is estimated that in 2030, between 3 and 13 
million tonnes of sustainable fuels may be produced 
globally (3.6—16.3 billion litres). This is equiva- 
lent to 0.7—3.3% of global aviation fuel use, 
and GHG emissions savings of between 8 and 
35 million tonnes of CO, eq. In comparison, 
the International Energy Agency (IEA) [17] 
estimates that global biofuel production 
increased from 16 billion litres in 2000 to more 
than 100 billion litres in 2011, based on com- 
mercially mature technologies, to provide 3% 
of total road transport fuel globally (on an 
energy basis). 

In the United Kingdom, we estimate that sus- 
tainable fuel production could reach between 
100,000 and 640,000 tonnes per annum (TPA) in 
2030. This translates to between 5 and 12 sus- 
tainable fuel plants in the United Kingdom, 
producing between 20% and 60% of aviation 
fuel in combination with road transport fuels 
(Fig. 14.3). 
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FIGURE 14.3 Estimated UK sustain- 
able fuels production up to 2030 (tonnes 
per annum). 


BAU 





14.4.5 Trajectory to 2050 — Sustained 
Growth 


In 2012, SA estimated that by 2050 sustain- 
able fuels should offer between 15% and 24% 
reduction in the CO, emissions attributable to 
UK aviation, with a central scenario of 18% 
CO, emissions reduction. This was based on 
the assumption that sustainable fuels contrib- 
ute between 25% and 40% of the aviation fuel 
market, and achieve life cycle CO, emissions 
savings of 60% compared to fossil fuel. 

Most sustainable fuels may actually 
achieve GHG emissions savings of between 
80% and 95%, and we estimate that the volume 
of sustainable fuel required to meet the SA GHG 
aims in the United Kingdom will be between 3.3 
and 4.5 million tonnes per year in 2050. 
International commitment to these targets would 
require between 140 and 190 million tonnes of 
sustainable fuel in 2050 (equivalent to 17—28% of 
total fuel consumption). 

To achieve the high 24% GHG emissions 
savings target (based on the high scenario for 
production up to 2030) would require a sus- 
tained annual growth rate of around 14% per 
year between 2030 and 2050. To achieve the 
central aim of 18% GHG emissions savings 
from the low scenario for production up to 
2030 would require a sustained annual growth 
rate of 18% between 2030 and 2050. 


2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 


These annual growth rates are not dissimi- 
lar to historic growth rates in global biofuel 
production. For example, between 2001 and 
2011, biofuel production grew from 16 billion 
litres to 100 billion litres, corresponding to an 
average annual growth rate of 20%. However, 
to achieve this level of growth, the production 
and use of sustainable fuel must be main- 
stream by 2030, having overcome both techni- 
cal and market entry barriers. For comparison, 
the IEA BLUE Map Scenario (2011) [17] 
estimates that global demand for sustainable 
fuels will reach 760 million tonnes per annum 
by 2050, including almost 200 million tonnes 
for aviation (Fig. 14.4). 


14.5 THE UK VALUE IN 
DEVELOPING SUSTAINABLE 
FUELS 


As the sustainable fuels industry grows, 
there is potential for UK deployment to deliver 
revenues and support jobs in the United 
Kingdom. Additional economic value could be 
realized by UK-based businesses competing 
successfully in non-UK markets. This section 
provides an estimate of the value to the UK of 
keeping pace with international deployment of 
sustainable fuels to 2030. 
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FIGURE 14.4 Trajectory for UK sus- 
tainable fuel use up to 2050 (million tonnes 


per year). 


A 
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Scenario analyses estimate that in 2030 there 
may be 90—160 operational sustainable fuel 
plants globally, producing aviation fuels in 
combination with fuels for road transport and 
other modes. Global revenue for these sustain- 
able fuel plants is estimated to be £8—17 bil- 
lion in 2030. 

There may be 5—12 sustainable fuel produc- 
tion plants producing 20—60% sustainable 
fuels in combination with road transport fuels 
in the United Kingdom by 2030. The potential 
value of the sustainable fuels industry to the 
United Kingdom is based on a methodology 
developed in the context of the UK 
Department of Energy and Climate Change’s 
Technology Innovation Needs Assessment 
(TINA) [13]. This assessment uses global 
deployment figures to estimate the potential 
gross value added (GVA) contribution to the 
UK economy for technology areas. 

Turnover figures are calculated from global 
deployment scenarios and expected technology 
costs. These are then converted to GVA 
figures based on known turnover-to-GVA ratios 
for similar industries (eg, basic manufacturing, 
agriculture, high tech services, etc.), which range 
from 10% to 65%. Then the proportion of the 
global market that might be accessible (or ‘trad- 
able’) to UK-based companies is estimated. 
Finally, the proportion of the globally accessible 
market that the United Kingdom can capture is 
estimated based on its competitive advantage. 


The UK’s competitive advantage is graded from 
low to high, which is used to estimate a percent- 
age of the available market that the United 
Kingdom could potentially be expected to take. 

The figures have been adjusted to take into 
account an additional displacement effect 
because part of the value created in the export 
market will be due to a shift of resources and 
thus partly cancelled out by loss of value in 
other sectors. Expert opinion has roughly 
assessed this effect to be between 25% and 
75%, SO we have applied a flat 50%, including 
this displacement. 

Development of a domestic industry for the 
production of sustainable fuels could generate 
a GVA of £70—265 million in 2030. To realize 
these scenarios, the capital investment in pro- 
duction plant capacity required between 2020 
and 2030 is estimated to be £0.5—1.3 billion 
(equivalent to £50—130 million per year). 

The successful development of a domestic 
industry is estimated to support 900—3400 jobs 
in plant construction and operation, feedstock 
supply and fuel distribution, and the design 
and development of conversion technology 
components and processing plants. 

The successful capture of global sustainable 
fuel opportunities could generate additional 
value for the United Kingdom. The value of 
global exports is estimated at £100—220 million 
in 2030 with the support of 500—1000 jobs. 
The majority of the value and jobs are in the 
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FIGURE 14.5 Global sustainable fuel project announcements between 2006 and 2013. 


supply of technology components and engi- 
neering services related to the design and 
development of conversion technology compo- 
nents and plants — these are exportable, 
protectable through IP, and well aligned with 
the UK’s commercial strengths (Fig. 14.5). 


14.6 OVERCOMING 
DEVELOPMENT BARRIERS 


This analysis has estimated the potential 
contribution that sustainable fuels may make 
to the aviation industry. The E4tech study out- 
lines the importance of the period up to 2030 
in establishing an industry for sustainable 
transport fuels. Realization of the potential 
outlined is dependent on overcoming barriers 
that currently constrain the supply of sustain- 
able fuels and the market demand or pull. 

Both the central and high scenarios pre- 
sented in Section 14.5 require a combination of 


conversion technologies, which utilize a range 
of feedstocks. These conversion technologies 
are at different stages of development, and 
therefore the roadmap must recognize the 
need to overcome demand-side barriers — 
which currently limit the volumes of sustain- 
able fuel used in aviation — and supply side 
barriers that will continue to influence the pro- 
duction capacity and availability. This chapter 
outlines the most significant barriers to the 
increased production and use of sustainable 
fuels, and identifies the most pressing actions 
for the UK government and industrial stake- 
holders to take to enable increased uptake of 
sustainable fuels. 

The emissions savings and economic benefits 
of sustainable fuels can only be realized if steps 
are taken to actively promote and support their 
development. This includes coherent policy, a 
level playing field, incentives for investment, 
prioritized research and development (R&D), 
and support for commercialization of projects. 
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FIGURE 14.6 Enabling sustainable fuels production by de-risking investment. 


14.6.1 Economic Barriers 


As with all emerging technologies, there are 
significant initial barriers to commercialization. 
In the near term, sustainable fuel pathways are 
not economical in their own right, and carry with 
them material first-of-a-kind technological risk 
for investors and developers. Support is needed 
to reduce investor risk in bringing the technology 
to commercial scale, to stimulate market demand 
in the medium-term while production costs are 
high, and to level the playing field with fuel 
incentives in other sectors. Over the long-term, 
support can be scaled back as the fuels must 
become competitive without intervention. 

The cost of currently available sustainable 
fuels are reported to be considerably higher 
than fossil fuel; for example, HEFA, the only 
fuel currently produced on a commercial scale 
today is reportedly 2.5 times the cost of fossil 
fuel. There is potential for products at an 
earlier stage of development to reduce produc- 
tion costs as production is scaled up and opti- 
mized (especially those derived from wastes/ 


residues). In the immediate-term, appropriate 
support mechanisms are required to enable 
process scale-up and optimization, and to 
reduce production costs (Fig. 14.6). 

Fuel costs account for 30—50% of the operat- 
ing costs for the aviation industry, and the 
ability of airlines to absorb an increase in fuel 
price is limited. Therefore, to remain an effec- 
tive option, sustainable fuels must become eco- 
nomically viable and cost-competitive over the 
long-term compared to fossil fuel plus carbon 
costs in the short-term. However before scale- 
up occurs, a price disparity may exist, and 
additional short-term support is required to 
ensure that continued development of these 
critical technologies is pursued. 


14.6.2 Policy Barriers 


There are a number of noneconomic barriers 
relating to factors that either prevent deploy- 
ment altogether or lead to higher costs than 
necessary (or distorted prices). These barriers 
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may be related to a lack of, or distortions in, 
policy support. They can also relate to a lack 
of expertise in developing new technologies or 
a lack of public acceptance. The main barriers 
affecting the deployment of sustainable fuels 
are described here. 

The strength of the market pull is of immedi- 
ate importance as a number of conversion 
technologies are looking to progress from dem- 
onstration- to commercial-scale production. In 
the United Kingdom and across Europe, policy 
mechanisms generally drive use of sustainable 
fuels in the road transport sector, as mandates 
and incentive mechanisms create the market for 
investment. Immediate action is needed to cre- 
ate a level playing field between aviation and 
other markets for sustainable fuels. 

In part as a result of this inequality in policy 
support, aviation appears to be a low priority 
for UK policy makers, despite recognition at a 
strategic level of the long-term need for sustain- 
able fuels in aviation. Currently there is no spe- 
cific focus in the Department for Transport 
(DfT) on the role of sustainable fuels for the avi- 
ation sector. This situation creates a perception 
that may undermine the commitments made by 
the aviation industry, and lead to missed oppor- 
tunities to reduce GHG emissions in transport. 
The Bioenergy Review published by the 
Climate Change Committee [18] pointed to the 
need to prioritize the use of bioenergy for avia- 
tion in the period up to 2050. 

Present policy uncertainty throughout the EU 
and the United Kingdom is damaging investor 
confidence. Without adequate targets for 
advanced transport fuels up to 2030, investments 
in domestic production capacity will cease. 
Long-term policy certainty and a focus on instru- 
ments that de-risk investment are needed. Long- 
term goals for sustainable fuels, together with an 
incentive framework to stimulate investment, 
send an important signal to the investment com- 
munity and to project developers. The United 
Kingdom has an opportunity to address this in 
2016/2017, as the amendments required by the 
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recent ILUC directive changes need to be trans- 
posed into UK legislation. 


14.6.3 Financing Barriers 


The supply of sustainable fuels is limited by 
delays in the progression of conversion tech- 
nologies from demonstration to commercial 
production. The main barriers to development 
relate to project financing and risk. 

Global factors have reduced the availability 
of various forms of project financing over the 
last 5 years. The UK banking sector is cur- 
rently averse to providing debt financing to 
high-risk projects as the criteria and terms 
have typically shortened, and as a result, pay- 
back hurdle rates cannot be achieved by the 
majority of sustainable fuel projects. Venture 
capital investment has also declined in Europe, 
as the United States is currently seen as a more 
attractive market for investors. 

The risks associated with sustainable fuel 
projects inherently affect the availability of proj- 
ect financing and the associated terms. One of 
the main issues impacting project risk is the 
price and competing uses of feedstocks, which 
can represent 50—90% of production costs; proj- 
ect returns are therefore highly sensitive to 
feedstock price variations. Competition for feed- 
stocks with energy and nonenergy sectors is 
likely to grow, and while high demand will 
stimulate increased production of sustainable 
feedstocks, this variability adds to project risk. 


14.6.4 Technical Barriers 


A technology push will also be important if 
the UK economy is to take advantage of the 
demand for new technologies and intellectual 
property. For new technologies, the scale-up of 
production volumes and reference plant data 
(obtained by demonstration at scale) is necessary 
to reduce the risk of commercial-scale deve- 
lopment. However, securing the investment 
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required to support these stages of development 
is a major barrier. The EU” has previously sup- 
ported the development of first-of-a-kind biofuel 
plants through FP7, NER300, and EIBI, and will 
continue to do so through Horizon 2020. 
Experience from the NER300 call has demon- 
strated that successful funding applicants are 
still undergoing significant challenges, including 
a lack of fuel off-take agreements. In addition, 
the terms associated with Horizon 2020 may 
limit the suitability of the scheme to leverage the 
level of investment needed. 

Fuel qualification and certification is neces- 
sary to ensure continued high levels of safety 
in the aviation industry. This demands high 
levels of investment from both airframe and 
engine manufacturers. To date, engine and air- 
frame manufacturers have responded strongly 
to the requirement to test and approve new 
fuels. As a result, three synthetic fuel path- 
ways were approved under ASTM D7566, and 
others are in the process of approval. 

Previous technical approvals of new fuels 
have been facilitated by significant investment 
and testing done by the US Department of 
Defense (DOD). The budget for this work has 
been reduced, and the engine and airframe 
Original Equipment Manufacturers (OEMs) do 
not have sufficient resources (funding) to do the 
level of testing previously supported by the 
DOD. This will inevitably reduce the amount of 
testing carried out, and the availability of future 
fuels. This may act as an on-going barrier to the 
development of new fuels and conversion routes. 


14.7 ENABLING SUSTAINABLE 
FUELS IN THE UNITED KINGDOM 
14.7.1 Policy Certainty 


The present RTFO structure officially extends 
to 2020, providing project developers no policy 


14. SUSTAINABLE AVIATION: A UK ROADMAP FOR SUSTAINABLE AVIATION FUELS 


certainty beyond that date. The policy for 
renewables in the EU beyond 2020 also fails to 
provide policy certainty. Should the UK govern- 
ment set out long-term goals for sustainable 
fuels and establish an incentive framework to 
stimulate investment, this would send an 
important signal to the investment community 
and to project developers. Without adequate 
targets for advanced transport fuels up to 2030, 
investments in domestic production capacity 
will cease. Long-term certainty and bankability 
of policy incentives are needed. 

We recommend the establishment of a 
public—private sector initiative to enable sus- 
tainable fuels. The taskforce should be low- 
cost and agile, building on the experience of 
existing initiatives such as the Commercial 
Aviation Alternative Fuels Initiative (CAAFI) 
in the United States. This partnership could 
also enable opportunities for making direct 
strategic investment. We already have experi- 
ence as an industry of successful collaborative 
programmes, such as the Aerospace Growth 
Partnership, which has been a springboard for 
new technology development, skills develop- 
ment, and training. As bio-energy impacts a 
number of government departments, a govern- 
ment lead department needs to be assigned to 
ensure that a consistent approach to emerging 
policy support is maintained. 


14.7.2 Market Incentives 


The UK RTFO is a blending mandate (obli- 
gation) to fuel suppliers of road transport fuels 
to meet renewables commitments specified in 
the EU RED. The RTFO provides a market 
incentive to the producers of road transport 
fuels in the form of RTFCs, worth $200—300 
(USD) per tonne of fuel. This currently has the 
effect of dis-incentivizing investment in, and 


“The EU has a number of funding instruments, including Framework Programme funding, the New Entrant 
Reserve (NER) fund, and the European Industrial Bioenergy Initiative (EIBI). 
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production of, sustainable aviation fuels 
because they are not eligible under the RTFO. 

Aviation fuel suppliers should be eligible for 
market incentives in the form of RTFCs that are 
currently awarded to qualifying road transport 
fuels under the UK RTEFO, but without directly 
obligating them in the system. The effect of this 
incentive is to reduce effective production costs, 
providing investors and suppliers with confi- 
dence to invest and to produce the fuels when 
costs would otherwise be uncompetitive. 

By extending eligibility to aviation fuel sup- 
pliers, the incentives playing field would be 
levelled with road fuels, without the need to 
extend the obligation to those suppliers. This 
approach is already being successfully pur- 
sued in the Netherlands and the United States. 
In the United Kingdom, this option could be 
implemented by a straightforward extension of 
the RTFO, with no implications for additional 
costs to road fuel suppliers, road users, or the 
government. 

If a mandate was applied directly to avia- 
tion fuel without consideration of market dis- 
tortions, then competitive imbalance and 
carbon leakage? would result. This would hap- 
pen if, for example, the United Kingdom were 
to impose an obligation on all aviation fuel 
uplifted to flights from the United Kingdom. 
The result would be an increase in the cost of 
fuel for UK-based airlines above the cost faced 
by competitor airlines in the same markets. 
Where an obligation can be applied without 
causing market distortions, it might be consid- 
ered as a future policy option to support the 
development of sustainable fuel. While a zero 
rating for eligible fuels in the EU Emissions 
Trading System (EU ETS) is welcome, it only 
provides a very modest market incentive that 
does not make a material difference to invest- 
ment decisions. 
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In the US, the DOD has been playing a sig- 
nificant role in stimulating the development of 
sustainable fuels by creating market demand. 
The UK government should consider how the 
military procurement policy for sustainable 
fuels can help to de-risk the investment case, 
as in the case of the US ‘green fleet’ pro- 
gramme, for example. 


14.7.3 Investment Incentives 


The DfT’s £25 million grant for demonstration- 
scale advanced fuel production, awarded in 2015, 
was a positive first step. However, it failed to 
provide support to any aviation fuel initiatives. If 
the United Kingdom is to lead innovation and 
development of advanced aviation fuel technol- 
ogy and become an exporter rather than an 
importer, a more focused approach to sustainable 
fuels will be required to build on the UK’s 
competitive advantage in relevant areas of science 
and technology. 

Development support through the provision 
of grants and equity co-investment are needed 
to reduce investor risk in funding demonstra- 
tion plants. The Green Investment Bank (GIB) 
can play a key role in helping initial 
commercial-scale production plants become 
established through the provision of financial 
support that reduces investor risk through, for 
example, loans and loan guarantees. At 
present, the GIB has a limited role in this area. 
Also, there is no obvious source of develop- 
ment funding within the EU to provide devel- 
opment support. Even if it becomes available, 
in the absence of long-term policy support, it 
is of limited use. A number of EU projects 
have been cancelled or delayed over concerns 
that there is insufficient policy support to pro- 
vide a long-term market for advanced fuels. 


Carbon leakage’ is the term often used to describe the situation that may occur if, for reasons of costs related to 
climate policies, businesses were to transfer production to other countries which have more lax constraints on 
GHG emissions (see http://ec.europa.eu/clima/policies/ets /cap/leakage/index_en.htm for details). 
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14.7.4 Research and Development 


The priority given to innovation into sus- 
tainable fuels should be reviewed. R&D is 
being pursued around the world to demon- 
strate new feedstock sources and processing 
technologies with the aim of reducing fuel 
costs and broadening the range of supply- 
chain opportunities. The pace of development 
has been rapid, with US-based companies 
playing a notable role. There are significant 
market failures during innovation, and action 
by the public sector has been critical to 
advancing the sustainable fuels industry 
(Table 14.3). 

In the UK, the government has been funding 
some selected cross-department work through 
several bodies, including the Research Councils, 
the Carbon Trust, and the Centre for Process 
Innovation; their research involves feedstocks 
and development of conversion technologies. 
Bioenergy research support has been limited, 
but we understand that the Biotechnology and 
Biological Sciences Research Council is seeking 
to provide more funding in the future. If the 
United Kingdom is to be a developer of technol- 
ogy (rather than just a user of technology devel- 
oped elsewhere), a more focused approach to 
sustainable fuels will be required, building on 


TABLE 14.3 GHG Emissions Savings Estimates for 
Each Technology Group (tCO zeq/t) 


Emissions Emissions Emissions 
Savings Factor Savings Factor Savings Factor 
2020 2030 2050 

HEFA®* 2.9 2.9 2.8 

F-T 3.0 3.0 3.0 

SIP 2.5 2.6 2.7 

ATJ 23 2.5 2.6 

HDCJ 2.2 2.4 2.5 


“Emissions savings for HEFA reduce up to 2050 as a result of feedstock 
diversification. As the demand for HEFA increases beyond the supply of 
waste oils, growth continues based on low ILUC oil crops and microalgae. 
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the UK’s scientific and technological strengths in 
areas such as plant science, biochemistry, chemi- 
cal engineering, and mechanical engineering. 

Pyrolysis oils and gas capture of waste car- 
bon gases from industrial processes also have 
potential in the United Kingdom. In order to 
result in commercial solutions, funding pro- 
grammes should prioritize those technology 
pathways that have the best chance of reach- 
ing a commercial scale by using sustainable 
feedstock and processes that produce scalable 
solutions at cost parity with fossil fuel 
(Table 14.4). 

A stronger innovation focus could contribute 
to re-balancing the UK economy through the nur- 
turing of new businesses and the stimulation of 


TABLE 14.4 Sustainable Fuel Production in United 
Kingdom 


UK 
Technology Production 
Timeframe Pathway Feedstock Potential 
To 2020 Biomass to Mixed MSW High 
liquid 
To 2020 HEFA Waste oils Low 
To 2020 ATJ Waste gases High 
To 2020 Green diesel Waste oils Low 


2020—30 ATJ Lignocellulosic Medium 


2020—30 Pyrolysis oils Mixed MSW High 
2020—30 Farnesene Sugar cane/ Low 
LC residue 
2020—30 Co-processing Wastes oils/ Medium 
pyrolysis 
2020—30 SIP Sugars /LC Med 
materials 
2030—40 Novel hydro Waste oils Low/ 
routes Medium 
2030—50 HEFA Algae Unknown 
2030—50 Biotech Waste gases Unknown 


conversion 
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employment and technology export opportu- 
nities. Establishing a government—industry ini- 
tiative could be a key first step to developing a 
more focused approach. 


14.7.5 The Role of Industry 


SA signatories and other industrial stake- 
holders have key roles to play in overcoming 
development barriers, in particular those relat- 
ing to project risk, and also project financing. 
SA members have demonstrated the impor- 
tance of effective partnerships with technology 
companies, and a continuation and expansion 
of these activities is required. 

Opportunities to reduce project risk include 
ensuring that contracts spread risk in an appro- 
priate way across the supply chain, including 
Engineering Procurement Construction services, 
feedstock supply contracts, and fuel off-take 
agreements. Airlines and airports have a role to 
play in establishing fuel off-take agreements. 
Joint purchasing agreements may have an addi- 
tional benefit to fuel producers by decreasing 
project risk, and increasing the availability of off- 
take contracts (on a fuel volume basis), as this 
enables small airlines (who may otherwise find 
this challenging) to participate. The development 
of purchasing groups may provide an opportu- 
nity for fuel users to share the associated cost 
and risk, and to hedge the risk of higher prices. 

The sustainable aviation fuels industry is at 
an early stage of development and therefore 
strategic investors have an important role to 
play in providing project financing. Strategic 
investors may include public sector organiza- 
tions, and also industry stakeholders with a 
vested interest in sector growth. The scale of 
investment required for early commercial pro- 
jects is large, and there will be a limited number 
of actors able to make such contributions to 
project financing. However, in the short-term, 
these strategic investments are being demon- 
strated as vital to technology development. 
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The development of sustainable fuels 
requires the concerted efforts of actors across 
the supply chain, as demonstrated by the 
ASTM fuel-testing programmes. SA brings 
together the main players from UK airlines, 
airports, manufacturers, and air navigation ser- 
vice providers to set a collective approach 
towards ensuring the sustainable future of the 
industry. However, additional action is 
required to bring together a wider collection of 
stakeholders, including sustainable fuel produ- 
cers, researchers, and representatives from the 
UK government to specifically focus on the 
issues affecting sustainable fuels and to ensure 
the delivery of this roadmap. 

The Department of Business, Innovation & 
Skills (BIS), the DfT, and the Civil Aviation 
Authority should play a central role in the inter- 
action between this sector and the government. 
Existing successful collaborative programmes 
involving BIS and the aerospace sector cater to 
the need for a public-private approach. 


14.8 THE SUSTAINABLE 
AVIATION FUELS ROADMAP 


This SA Roadmap uses a different approach 
from its predecessors: CO, and noise. This is 
necessary as fuel/carbon efficiency and noise 
are already part of an established international 
regulatory regime, and there is greater cer- 
tainty about technology development over the 
period up to 2050. In the case of sustainable 
fuels, much depends on how emerging tech- 
nology deployment is supported. There is 
great potential for an advanced fuels industry 
able to meet the demands of modern aviation 
and to serve those other sectors dependent on 
liquid hydrocarbons for the medium-term 
(eg, freight). ICAO has established a global 
Advanced Fuels Task Force to estimate the 
technical potential of these fuels. They are also 
working on the harmonization of international 
sustainability standards and criteria. 
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14.8.1 The Roadmap 


This SA Fuels Roadmap has explored the 
opportunities for reducing UK aviation carbon 
emissions through the use of new and rapidly 
evolving, sustainable sources of fuel. There is a 
role for aviation in supporting the transition to 
more sustainable pathways using wastes, resi- 
dues, and low-value feedstock in the short-to- 
medium term. In the longer-term, as more 
novel feedstocks (eg, waste gases, algae) are 
developed and move to larger-scale produc- 
tion, we expect this opportunity to expand. 

Future fuels offer the opportunity to achieve 
high GHG savings (60—95%) over the emis- 
sions associated with fossil fuel equivalents. 
One aspect highlighted by the work shows the 
critically important role that sustainable fuels 
development will play in the period up to 
2030. Without this early policy support, the 
technologies needed post-2030 will not be tech- 
nically proven, and scale-up will be slow 
(Fig. 14.7). 

SA’s early estimates assumed a very grad- 
ual and steady increase in the use of sustain- 
able fuels up to 2050. However, the outcome of 
this study illustrated that early volumes will 
be fairly modest up to 2030, with a more rapid 
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ramp-up of production beyond this date. It 
may be necessary to redraw the sections of the 
CO, roadmap to properly reflect this. The 
roadmap will need to be reviewed, as new sus- 
tainable fuel pathways are constantly evolving. 

We predict a range of technologies will be 
deployed globally, but with respect to the 
United Kingdom, we see waste-derived fuels 
as the primary opportunity in the short-to- 
medium term. SA members are working on 
oil feedstock production models that prevent 
ILUC — for example Camelina production on 
contaminated land. If these methods are 
found to be successful, we expect greater 
volumes of sustainable oil feedstocks in the 
future. These projections are consistent with 
recent estimates from the IEA, who predicted 
a sustainable fuel production of 27% of trans- 
port fuels in 2050. (2011) [17]. 


14.8.2 Conclusions 


As a result of reviewing the current, new, 
and emerging sustainable fuels market, this 
roadmap has determined that, with the right 
policy and investment framework, UK aviation 
can reduce its CO, emissions by up to 24% by 


FIGURE 14.7 Sustainable fuel produc- 


tion in United Kingdom. 
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2050. Achieving this result will require a step 
change in the current policy and investment 
framework for sustainable aviation fuels, and SA 
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the government to establish the United Kingdom 
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15.1 INTRODUCTION 


Aviation biofuels have a particularity that sets 
them apart from other biofuels, which is the 
requirement that they must have properties that 
characterize them as ‘drop in’. This is for safety 
reasons and because aircraft fly over different 
continents where they have to be refuelled [1]. 
Therefore, the conversion technologies have a 
prominent role, and some feedstocks may have 
more complex transformation pathways in order 
to generate the highly regulated jet fuel stan- 
dards. Notwithstanding, a variety of feedstocks, 
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including sugars, oils, and cellulosic crops, and 
wastes, may be used to produce jet fuels [2]. 
Restriction to food crop feedstock may 
apply in certain countries or regions because 
of food versus fuel competition and other 
political reasons [3,4], although this is not a 
relevant issue under Brazilian conditions 
because of the land availability and the evi- 
dence that biofuel production has not been 
jeopardizing food production [2,5—7]. In fact, 
aiming at sustainability is crucial to producing 
bioenergy using efficiently the natural resources 
and other required inputs, such as land, water, 
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manpower, capital, etc., independently of the 
feedstock processed. The real competition 
between food and other agricultural products 
(feed, fibre, bioenergy) occurs at the produc- 
tion level, not between products. 

Another relevant aspect to be taken into 
account in the definition of more feasible produc- 
tion routes is the trade-off between the price/cost 
of feedstock and the processing costs (capital and 
operational costs). Among the several alternative 
processes available for biofuel production, to use 
cheap raw material, such as cellulosic wastes and 
residues, expensive and complex processes 
should be adopted, while the more simple and 
straightforward processes generally require more 
valued feedstock, such as vegetable oils. This 
point is crucial and will be explored in the 
Brazilian context. 


15.2 AGRICULTURAL 
FEEDSTOCKS IN BRAZIL: 
EXISTING AND POTENTIALLY 
AVAILABLE 


Recent studies have examined the feedstock 
options in Brazil for jet biofuel with respect to 
availability, production feasibility, logistics, 
costs, and energy and greenhouse gas (GHG) 
balances, as compared to fossil fuels [2,6,7]. 
Because of extensive land availability, different 
climate conditions, and agriculture traditions, 
practically all sorts of feedstock can be pro- 
duced at prices that are competitive with most 
other countries. This includes sugar and starch 
crops (eg, sugarcane, cassava, sorghum, corn). 
A variety of oil crops are also potential feed- 
stock in Brazil, such as soybeans, palm oil, and 
an assortment of other oil crops with small cul- 
tivated areas — cotton, peanut, sunflower. 
Nonedible oil crops such as castor bean, or 
plants that are not commercially cultivated — 
jatropha, camelina, macauba palm — can also 
be cited [8], but it is unlikely that they will be 
options in the short- or medium-term. 
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Cellulosic feedstocks of great potential 
include wood from planted forests, especially 
eucalyptus, tropical grasses such as Elephant 
grass, energy cane, for which there is an 
intense search for varieties, and plant residues, 
including those of sugarcane. 

The best options to start a jet biofuel indus- 
try in Brazil, considering the main feedstock 
groups, are sugarcane (sugar), eucalyptus (cel- 
lulose), and soybean (oil crops) [2,6,7]. Among 
the reasons for those choices are that they are 
widely cultivated — with well-known agricul- 
tural technology behind them — and high- 
yielding, cost-competitive crops [6]. 

The main constraints that should be consid- 
ered are cost of feedstock and transformation, 
logistics, and also nontechnical aspects such as 
political restrictions on food crops used for 
bioenergy. 

Brazil is the largest producer of sugarcane 
and exporter of sugar in the world, with more 
than 9 Mha dedicated to this crop. Therefore, it 
is highly competitive. In addition, there are 
60 Mha of land suitable for sugarcane cultiva- 
tion, even without opening forest areas or 
environmentally sensitive regions [9]. 

With almost 6 Mha of planted eucalyptus 
forest, Brazil is a leading exporter of cellulose 
and paper, and has the world’s highest wood 
yields [10] due to favourable climate condi- 
tions and investment in research. 

Brazil is about to become the leading exporter 
of soybeans, planted in about 30 Mha. In 2010, 
2.2 Mm’ of soy oil (out of a total of 6.9 Mm”) was 
directed to biodiesel production [5]. Although 
the transformation routes of vegetable oils to jet 
biofuel are the simplest alternatives among all 
classes of feedstock [11], and most of the test 
flights with jet biofuel so far have been done with 
fuel produced with oil crops, soybean may not be 
widely acceptable internationally as a feedstock 
for aviation biofuel because of its food character 
and because of competing prices. About 70% 
of the biofuel cost is feedstock [5]. Cantarella 
et al. [6] compared the opportunity cost of the 
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incorporated energy of several feedstocks to that 
of fossil jet biofuel. They found that eucalyptus, 
sugarcane, palm, and corn had competitive costs 
if just agricultural product prices were consid- 
ered; soybean grains were not competitive at the 
2012 prices. However, when the opportunity 
costs of final products (ethanol, soy oil, palm oil, 
sugar, and others) were considered, only sugar- 
cane bagasse and wood were competitive, indi- 
cating that cost of feedstock will always be an 
important issue, even in Brazil. As the price of 
petroleum has declined in recent years, these 
price comparisons may not hold, and feedstock 
cost may be even more restrictive. 

Other issues are logistics and _ storability. 
About 20% to 35% of the cost of sugarcane is 
represented by harvesting and transportation 
to the mill, usually not more than 50 km from 
the field [12,13]. In addition, sugarcane stalks 
(for sugar and ethanol production) must be 
processed within 3 days. However, storability 
is not a problem with sugarcane bagasse and 
trash, or wood and oil grains [6]. 

Other studies have pointed out the problem 
of competitiveness of jet biofuel made with dif- 
ferent biomass feedstocks [14]. Even in a coun- 
try with low comparative costs for agricultural 
feedstock, appropriate public policies and tax 
regimes, in addition to premium prices for 
jet biofuel and carbon taxes schemes may be 
necessary to stimulate an emerging biofuel 
industry until technological progress and scale 
make it economically sustainable [6]. 


15.3 AVAILABILITY OF LAND 
IN BRAZIL FOR BIOFUELS 


Brazil has a unique combination of positive 
factors for deployment of the production of sus- 
tainable feedstocks for aviation biofuels: signifi- 
cant availability of land already cleared for 
agriculture, a dynamic and mature agriculture 
sector presenting strong productivity growth, 
large areas of legally protected native vegetation 
and strong conservation laws, and human health 
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and safety regulations for rural activities equiva- 
lent to urban activities. However, it is clear that 
to develop an aviation biofuel programme in 
compliance with responsible principles and sus- 
tainable requirements, several public policies will 
have to be implemented. 

Land use in Brazil is strongly protected by the 
National Forest Code (a federal legislation 
approved in 2012 that set the land use and native 
vegetation protection in rural private properties) 
and also by the delimitation of Legal Reserves, 
Conservations Units, and Indigenous Reserves. 
This effort results in a protection of approxi- 
mately 483 Mha (56.9% of the Brazilian territory), 
as shown in Fig. 15.1. Despite the high produc- 
tion of Brazilian agriculture, only 60.5 Mha have 
been used for crops and planted forests, whereas 
livestock (mainly beef cattle) takes three times 
more land (approximately 198 Mha) with a low 
stocking rate (1.0 head /ha) [15]. 

Bioenergy production in Brazil is a successful 
reality, mainly considering sugarcane, wood 
(planted forest), and soybean. For instance, sug- 
arcane (molasses, juice, and bagasse), the most 
important bioenergy crop in Brazil, has used only 
8.5 Mha (1% of the Brazilian land), and was 
responsible for 15.7% of Brazil’s domestic energy 
supply in 2014 [16]. Firewood and charcoal, 
mostly from planted forests (eucalyptus and 
pinus), and which use approximately 2 Mha 
(0.2% of Brazilian land and approximately 31% of 
the wood planted area) [10], were responsible for 
8.1% of the Brazilian domestic energy supply in 
2014 [16]. Soybean biodiesel, responsible for 80% 
of Brazilian biodiesel production, uses approxi- 
mately 7.6 Mha (32% of the soybean production) 
[17] and was responsible for 4.2% of diesel con- 
sumption in 2014 [16]. 

In order to supply high volumes of feedstocks 
for aviation biofuels, it is clear that Brazil will 
need to provide new areas for agriculture expan- 
sion. So, the key question is whether Brazil can 
support the agriculture expansion for aviation 
biofuel production with no impact on food pro- 
duction and protected areas. 
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Source: Adapted from: L.A.B. Cortez, F.E.B. Nigro, A.M. Nassar, H. Cantarella, L.A.H. Nogueira, M.A.F.D. Moraes, et al., 
Roadmap for Sustainable Aviation Biofuels for Brazil, Blucher, São Paulo, 2014, 272 p. Available from: http://openaccess.blucher.com. 
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In the last two decades, Brazil has been 
experiencing a substantial increase in food pro- 
duction based essentially on productivity gains 
and requiring a relatively small expansion of 
cultivated areas (Fig. 15.2). For instance, the 
production of grain increased by 175% from 
1992 to 2012, whereas the cultivated area 
expanded only by 49%. Moreover, there still is 
a lot of space for intensifying cattle production, 
taking into account that technical yields such 
as slaughter age, birth rate, and meat pro- 
duced per hectare are still low in Brazil [15]. In 
addition, the double-cropping system has been 
developed successfully, allowing the integra- 
tion of soybean and corn in the same year, and 
responsible for half of the total corn produc- 
tion; since 2000, most corn production expan- 
sion has taken place as a second crop. 

The expansion of sugarcane for ethanol, 
although very strong, has not undermined the 


expansion of other annual and perennial crops. 
Moreover, the cultivation of oilseeds in rota- 
tion with sugarcane is also generating food 
and fuel in the same systems. Deforestation 
has been reduced since 2004, and the 
decreased deforestation levels in 2011 and 
early 2012 have been encouraging, around 75% 
lower than 2004 levels. Therefore, agricultural 
production is not dependent on the clearing of 
native forests in Brazil. 

Facing this recent context, the data show 
that rather than ‘food VERSUS fuel’, in Brazil 
biofuel production is taking place as ‘food 
AND fuel’. In many cases, these favourable 
results have been achieved thanks to the incor- 
poration of modern agriculture technologies, 
such as the increasing use of fertilizers, better 
agriculture management practices, plant breed- 
ing and genetic gains, planting and harvesting 
improvements, etc. 
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FIGURE 15.2 Production and harvested area in Brazil: grains (1999—2012). Source: Adapted from: L.A.B. Cortez, F.E.B. 
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In energy terms, to replace 100% of 
Brazilian jet fuel consumption (around 7 Mm’), 
and with sugarcane ethanol as feedstock, the 
land required is estimated at 1.9 Mha (ie, 
approximately 1% of Brazil’s pasture land). 


15.4 SUSTAINABILITY OF 
AVIATION BIOFUEL 
PRODUCTION IN BRAZIL 


Sustainability assessment of biofuel produc- 
tion and use has been growing in importance 
in recent years, especially in a scenario includ- 
ing the need for reduction of GHG emissions, 
the food versus fuel debate, and the increasing 
need to respect environmental and social stan- 
dards. So far, the most promising potential 
feedstocks for jet biofuel are plants that contain 
sugars, starch, and oil, as well as residues such 
as lignocellulose, municipal solid wastes, and 
industrial waste residues. 

The assessment on the sustainability criteria 
for the production of feedstocks in Brazil 
(sugars and starch, oil, lignocelluloses, and 


wastes) was carried out according to the 
principles stated in RSB [18], as well as the 
criteria of the currently available and most well- 
known sustainability standards (Bonsucro, 
Roundtable on Sustainable Biomaterials (RSB), 
and the International Sustainability and Carbon 
Certification System (ISCC)). 

The analysis included the evaluation of 
several parameters (when data was available): 
Energy Balance; GHG Emissions; Agricultural 
Productivity; Agricultural and Environmental 
Best Practices (Fertilizer Consumption, Pesticide 
Consumption, Soil Loss, Water Use); 
Biodiversity; Energy Self-Sufficiency; and Social, 
Economic, Institutional and Environmental con- 
cerns (eg, legislation and regulations) [19]. 

Although there are important differences 
among the four groups of feedstock ana- 
lysed, some general considerations can be 
made regarding biofuel production, and as 
to the gaps of complying with sustainability 
requirements. 

Concerning the social area, the main 
positive impacts are the high potential of 
job creation and income generation, and the 
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positive impacts on regional development. 
As for the sustainability requirements gaps, 
the factors that make compliance more diffi- 
cult are considered the great number of laws 
and rules, sometimes stricter than sustain- 
ability standards; different interpretations 
and the lack of knowledge on how to apply 
some laws; and labour laws not adapted to 
the rural context. It was also noted that there 
is a need for qualification and capacitation 
of workers. 

As for the environmental aspects, the posi- 
tive impact regarding compliance with 
requirements is related to reduction in GHG 
emissions compared to fossil fuels, especially 
in the sucrose and cellulosic groups. 

The debate over food versus fuel (as pre- 
sented in the previous topic) is not as impor- 
tant an issue in Brazil as elsewhere because 
there is enough available land for the produc- 
tion of biofuels from agricultural feedstock. 
Recent studies have shown that even with the 
need to increase food production to meet the 
demand of a growing population, land is not a 
constraint at the global level [4,20—24|. 

The great number of environmental laws 
and rules (sometimes stricter than sustainabil- 
ity standards) and legal uncertainty (changes 
in the Forest Code, law regulating the condi- 
tions for Foreign Investors) are considered bar- 
riers to compliance with legal requirements. It 
is possible to comply with national and inter- 
national rules and norms, but this requires 
investment. The need for a clear price policy 
for fuels is important. 

Environmental questions, especially con- 
cerning GHG emissions associated with bio- 
fuel production, were key in studies [21]. GHG 
savings from potential feedstock for bioenergy 
in Brazil ranged from 40% to 82%, depending 
on the source of biomass [6,7]. Calculations 
took into consideration the energy content of 
different feedstock, including sugars, starch, 
oil crops, wood, and other cellulosic materials. 
The best returns in terms of GHG emissions 
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were obtained with sugarcane, eucalyptus, and 
Elephant grass [6]. 


15.5 POSSIBLE PATHWAYS 
FOR BIOFUELS FOR AVIATION 
IN BRAZIL 


As already shown, Brazil has large quanti- 
ties of a great variety of biomasses. 
Transformation of this biomass by different 
technologies into chemicals and fuels has been 
well described in the literature [25]. 
Depending on the feedstock, different refining 
technologies were considered to produce drop- 
in biofuels for aviation [7]. Jet biofuels can be 
obtained by hydrotreatment (hydroprocessed 
esters and fatty acids, HEFA) or catalytic 
hydrothermolysis (CH) of vegetable oils. They 
can also be obtained by alcohol dehydration/ 
oligomerization (Alcohol To Jet, ATJ) or by 
the direct conversion of sugars to hydrocar- 
bons (DSHC). Proven technologies for ligno- 
cellulosics are fast pyrolysis, gasification/ 
Fischer—Tropsch Synthesis (FT A1), or solvent 
liquefaction and posterior upgrading of the 
bio-oil (hydrotreated depolymerized cellulosic 
jet, HDCJ). Acid or enzymatic hydrolysis of 
carbohydrates to sugars, which can be fermen- 
ted to ethanol or butanol, are another possibil- 
ity. These alcohols can then be converted to jet 
biofuels by ATJ technology. The least devel- 
oped technologies are jet biofuels from wastes; 
however, fermentation of organic wastes to 
acids, ketones, and alcohols, fermentation of 
flue gases to alcohols, and hydrotreatment of 
industrial fatty residues are possibilities that 
should be further explored. 

The different possible feedstocks, the identi- 
fied pathways for their transformation, and 
the final products are shown in Fig. 15.3. Jet 
biofuels obtained by the HEFA and FT A1 
processes (green gates (grey in print ver- 
sions)) have already been approved by ASTM 
for many years and successfully used in 
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commercial aviation. Recently, DSHC (syn- 
thetic isoparaffins, SIP) (green gate (grey in 
print versions)) has also been approved, and 
ATJ (blue gate (dark grey in print versions)) is 
currently under ASTM’s standard evaluation. 
No preference should be given to any techno- 
logical alternative. All of them are in principle 
valid for jet biofuel production [7]. However, 
at present conditions, none of these technolo- 
gies can produce jet biofuels at market price. 

The main commercial gap to using sugar, eth- 
anol, or vegetable oils to produce jet biofuel is 
that their market prices are high due to their 
potential uses as food or automotive biofuel [11]. 
However, their transformation into jet biofuel is 
well developed and does not require high invest- 
ment. Cellulosic residues and wastes are cheap, 
and their transformations by thermochemical or 
biochemical processes into jet biofuel are poten- 
tially attractive. However, the costs of the equip- 
ment needed, or the costs of efficient and robust 
enzymes, are high, showing that these technolo- 
gies have to be further developed. 

Municipal solid wastes and flue gases are cer- 
tainly prime candidates for conversion into jet 
biofuel. However, the technologies are not yet 
well developed, and nothing can yet be said 
about the effective costs. The relationship 
between feedstock costs and technical efforts 
needed for their transformation into jet biofuel is 
shown in Fig. 15.4. The prices of the feedstocks 
closer to the right are higher, but they are easier 
and less costly to convert into jet biofuel. 

A perfect scenario would be a combination 
of a waste feedstock and a well-developed, 
cheaper conversion process. However, it seems 
that in the short-term only the sugar fermenta- 
tion to hydrocarbons or to ethanol and subse- 
quent ethanol conversion, as well as the 
hydrotreatment of esters and fatty acids, will 
be suitable for jet biofuel production [11]. For 
medium- or long-term second-generation tech- 
nologies, processing cellulosic biomass or 
wastes may become economically more feasi- 
ble. However, costs of these technologies have 
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to be significantly reduced. At the present 
stage it is not possible to select a single 
solution. 

More Research & Development efforts are 
needed to define the most promising and sus- 
tainable alternatives. Furthermore, little data 
on Life Cycle Analysis is available [26], and 
the production costs for the different pathways 
under Brazilian conditions are not available. 
Despite the previous experiences with the pro- 
duction and use of biofuels in Brazil, some 
important and relevant institutional issues 
have to be resolved in order to construct a 
new biofuels-for-aviation industry. 
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TABLE 15.1 Biofuels for Aviation in Brazil: Summary of Limiting Factors and Policy Recommendations 
Limiting Factors Policy Recommendations 


Relevance/ Immediate/Short- Long-Term 


Issue Current Future Priority Term Medium-Term (2020) (2050) 
Feedstock e Limited information about ¢ Risk of constraints Medium  e Promote the e Promote advanced e Promote 
species with potential for in natural High development of agronomic studies on studies on 
bioenergy. resources supply human bioenergy cultures. innovative 
aa , , (water, chemicals, resources. sources of 
e Limited information on ste) oredhidan ° Develop assessment on Damis 
land zoning for bioenergy. Damas e Promote life residue availability and föt 
« Hick acs q ‘ production. cycle analysis collection. bioenergy. 
A se cue studies on crops 
comply with environmental Risks of expanding with bioenergy ° Promote agricultural 
and social regulations. biofuel production potential. yield improvements 
with high impact (productivity, energy 
ee eee e To evaluate and water use, fertilizer 
anaes gaps and and pesticide use, land 
8 . 
mechanisms to use changes, etc.). 
allow producers 
to legalize land 
tenure situation. 
Refining e Lack of information about Technology risk High e Promote e Support (financing/ 
Technology process feasibility, high associated with development of regulatory) aviation 
technology risk. development of human biofuel demonstration 
innovative process. resources. programmes and 
commercial use. 
e Support 
(financing) for 
pilot and 
demonstration 
plants. 
Logistics e Infrastructure constraints. High e Evaluate needs e¢ Promote logistics 


of regions with 
potential for 
biofuel 
production. 


improvements. 


Assess new productive 
schemes, reducing 
transport of bulky 
biomass. 


(Continued) 


TABLE 15.1 


Issue 


Sustainability 


General 


(Continued) 


Limiting Factors 


Relevance/ 


Current Future Priority 


e Need for successful © 
enforcement of social and 
environmental laws. 


e Need for monitoring of ° 
performance of aviation 
biofuels to international 
social and environment 
standards (assessing real 
benefits and impacts). 


e Lack of co-ordination o 
among governmental 
agencies and stakeholders 
in fostering aviation 
biofuels. 


e Lack of information about 
aviation biofuels among 
decision makers and public. 


Protect workers, High 
and avoid 

potential loss of 

Brazil’s major 

natural resources. 


Avoid difficulties High 
to Brazil’s aviation 
biofuels 

production. 


Heterogeneity and High 
lack of clarity in 

the sustainability 
evaluation of 

biofuels. 


Policy Recommendations 


Immediate/Short- 
Term 


Long-Term 


Medium-Term (2020) (2050) 


Establish legal mechanisms to ensure that incentives for 
aviation biofuels are only available where national laws and 
regulations, especially natural forest and other habitat 
protections, land use zoning and worker protections, are 
demonstrated to be fully implemented. 


Consolidate the sustainability certification process. 


Research and incentives only to feedstocks systems that 
increase overall productivity of energy and food/feed/fibre 


on same land. 


Launch an 
aviation biofuel 
program, with a 
clear agenda of 


strategic actions. 


Promote 
information 
campaign on 
potential, 
benefits, and 
implications of 
aviation 
biofuels. 


Assess and issue 
regularly indicators of 
the aviation biofuels 
program. 


Consolidate the 
sustainability 
certification process. 
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15.6 ROADMAP SUMMARY FOR 
BRAZIL: LIMITING FACTORS AND 
POLICY RECOMMENDATIONS 


Table 15.1 summarizes the main outcomes 
of this study and presents a list of limiting fac- 
tors and policy recommendations to take into 
account. They are grouped according to the 
value chain of the production route, different 
time frames for implementation, and level of 
priority. 


15.7 CONCLUSIONS 


Brazil has excellent conditions to harbour a 
jet biofuel industry, mainly because of land 
availability and competitive costs of biomass 
feedstocks, a strong component of the final 
price of fuel. The feedstocks with the greatest 
chance of kickstarting a jet biofuel industry are 
sugarcane, eucalyptus, and soybeans, or sugar, 
cellulose, and oil crops. They depend on the 
technical and economic feasibility of transfor- 
mation technologies, all of which are still in 
development. Sugarcane and eucalyptus 
would give the highest GHG savings for a bio- 
fuel replacing fossil fuels. Notwithstanding, 
even with competitive Brazilian feedstocks, 
some type of subsidy or special tax scheme 
seems necessary for support of this emerging 
industry until technological progress can make 
it economically sustainable. 
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Appendix A: Standard and Alternative 
Fuel Specifications 


The American Society for Testing Materials 
(ASTM) and the United Kingdom Ministry 
of Defence have leading roles for setting and 
maintaining standard specifications for civilian 
aviation [1]. ASTM Standard Specification 
D1655 describes the quality of conventional avi- 
ation turbine fuels from the refinery to 
the aircraft. ASTM Specification D7566, Standard 
Specification for Aviation Turbine Fuels Containing 
Synthesized Hydrocarbons, was developed to 
provide quality control for fuels of novel 
compositions that include synthesized hydrocar- 
bons from new sources. It allows blending 
of conventional blending components, or Jet A 
or Jet A-1 fuel certified to ASTM Specification 
D1655, with up to 50 vol.% of FT-SPK or with 
HEFA-SPK. Military standard specification MIL- 
83133H provides quality control for the three 
kerosene aviation turbine fuels, JP-8 (NATO 
F-34), NATO F-35, and JP-8 + 100 (NATO F-37). 
ASTM Designation D4054-09 has been estab- 
lished as the standard practice for qualification 
and approval of new aviation turbine fuels and 
fuel additives to provide a more efficient way to 
evaluate and approve new fuels and fuel addi- 
tives. It provides a framework for qualification 
and approval that is intended to streamline 
the approval process and to permit the cost- 
effective and timely introduction of new fuels 
and additives into the field [2] (Table A.1). 


A.1 FUEL ADDITIVES 


Jet fuel energy content and combustion quality 
are primary fuel performance properties, but 
stability, lubricity, fluidity, volatility, non-corrosivity, 
and cleanliness are also important performance 
properties [1]. In addition to its primary func- 
tion as the energy source for the engine, jet fuel 
also functions as hydraulic fluid and coolant for 
aircraft systems. Fuel additives are used to 
maintain desired properties in the base fuel or 
to provide specific performance properties that 
are lacking in the base fuel. These include per- 
formance enhancing, fuel handling, and mainte- 
nance additives (ASTM D1655-13 2013). The 
types and amounts of additives are specified in 
the recognized standard specifications. For cases 
where the use of optional additives is desired, 
the supplier and purchaser must come to agree- 
ment on the additives to use, and any additives 
used must be approved by the aircraft certifying 
authority for the aircraft and engine they will be 
used in (ASTM D1655-13 2013). 


A.2 JET A, JET A-1, AND JP-8 
SPECIFICATIONS 


Jet A became the ASTM baseline fuel speci- 
fication for commercial jet aircraft in the early 
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APPENDIX A: STANDARD AND ALTERNATIVE FUEL SPECIFICATIONS 


TABLE A.1 Standard Specifications Used to Control Turbine Jet Fuel Quality 


Standard 
Turbine Jet Fuel Type 


Conventional Jet A and Jet A-1 for civil use 


Jet A or Jet A-1 containing synthesized 
hydrocarbons from nonconventional sources 


JP-8 (NATO F-34), NATO F-35, and 
JP-8 + 100 (NATO F-37) 


ASTM D4054-09 


1960s, and the standard jet fuel for all US and 
many international airlines [2]. Jet A is pro- 
duced and supplied according to the standard 
specification requirements of International 
ASTM D1655. It is specified to a minimum 
flash point of 38°C and a freezing point of no 
ereater than —40°C. Additives are allowed in 
the amount and composition specified by 
ASTM D1655. 

Primary standard specifications for Jet A-1 
grade fuel are provided by ASTM Standard 
Specification D1655, UK specification DEF 
STAN 91-91 (Jet A-1), and NATO Code F-35 [3], 
but Jet A-1 is also produced to Joint Inspection 
Group (JIG) Check List requirements. The 
Check List is recognized by eight major aviation 
fuel suppliers: BP, Chevron, Eni, ExxonMobil, 
Kuwait Petroleum, Shell, Statoil, and Total [4]. It 
defines the fuel quality requirements for supply 
into Jointly Operated Fueling Systems. The 
Aviation Fuel Quality Requirements for Jointly 
Operated Systems (AFQRJOS) for Jet A-1 com- 
bines the most stringent requirements of the 
British Ministry of Defence Standard DEF STAN 
91-91/Issue 7 Amendment 2, 1 December 
2012, for Turbine Fuel, Kerosene Type, Jet A-1, 
NATO Code F-35, Joint Service Designation: 
AVTUR, and ASTM Standard Specification D 
1655-12 for Aviation Turbine Fuels ‘Jet A-1’ [3]. 
This approach simplifies supply arrangements 
for fuels that normally would have to be 
stored and distributed as separate fuels against 


Specification 
ASTM D1655-13 
ASTM D7566-13 


MIL-DTL-83133H 
w/Amendment 1 


ASTM D4054-09 


Specification Title 
Standard Specification for Aviation Turbine Fuels 


Standard Specification for Aviation Turbine Fuel 
Containing Synthesized Hydrocarbons 


Turbine Fuel, Aviation, Kerosene Type, JP-8 (NATO) 
F-34, NATO F-35, and JP-8 + 100 (NATO F-37) 


Standard Practice for Qualification and Approval of 
New Aviation Turbine Fuels and Fuel Additives 


two separate sets of standard specifications. 
Under this arrangement, with the agreement 
of the parties involved, a single fuel meets 
the requirements of multiple standard specifica- 
tions and the needs of multiple fuel type users, 
which can reduce handling and storage costs 
[4]. Jet A-1 might require one or more additives 
not usually required for Jet A (eg, a static dissi- 
pater and/or an icing inhibitor). 

JP-8 is produced to the requirements of 
the US Military Specification MIL-T-83188D, 
British military jet fuel specification DEF 
STAN 91-87 AVTUR/FSIL and NATO Code 
F-34 [5]. It is essentially Jet A-1, but with 
the addition of a static dissipater additive, 
corrosion inhibitor/lubricity improver, and 
fuel systems icing inhibitor [6]. It may 
also contain antioxidant and metal deactiva- 
tors [6]. Like Jet A-1, it is specified to a maxi- 
mum freezing point of —47°C and a flash 
point of 38°C. 


A.3 APPROVED 
NONCONVENTIONAL FUELS 


Two nonconventional fuels (containing 
non-conventional hydrocarbons) specified in 
Defence Standard 91-91 have been recognized 
as meeting the requirements of ASTM 
Standard Specification D1655 (ASTM D1655- 
13), and therefore are considered to be 
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acceptable fuels from nonconventional sources. 
The first is SASOL semisynthetic fuel, which is 
a blend of conventionally produced kerosene 
and a synthetic iso-paraffinic kerosene by itself, 
or as combined with SASOL heavy naphtha #1 
and specified in Defence Standard 91-91 
(ASTM D1655-13 2013). The second is SASOL 
fully synthetic fuel that is a blend of up to five 
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synthetic streams specified in Def Stan 91-91 
and noted in ASTM Specification D1655, Annex 
A1. These semisynthetic jet fuels are said to 
have compositions, properties, and performance 
that are essentially identical to conventional jet 
fuels [7]. Selected specifications are shown in 
Tables A.2 and A.3 for conventional and alter- 
native fuels. 


TABLE A.2 Select Standard Specifications for Conventional Jet A and Jet A-1 With and Without FI-SPK 
and HEFA-SPK Blend Components 


Fuel Property 


Conventional 
Jet A or Jet A-1 
(ASTM D1655-13) 


Jet A or Jet A-1 Blended with 
50% FT-SPK or HEFA-SPK 
(ASTM D7566-13) 


Standard Specifications 


100% FT-SPK or HEFA-SPK 
Blending Component for 
Jet A or Jet A-1 (ASTM D7566-13) 


COMPOSITION 

Acidity, total mg KOH/g <= 0.10° <0.10 <0.015° 
Total Aromatics, volume % = 25 3) = 5 =8 <25 
Aromatics, mass % report report 203 
Cycloparaffins, mass % report report 2i 
Paraffins, mass % report report report 
Carbon and Hydrogen, mass % report report =995 
Sulphur, total mass % = 0.32 =0.3 =(.3 
Sulphur, mg/kg report report = 15 
Sulphur, mercaptan, mass % = 0.003 = 0.003 = 0.003 
or Doctor test report report report 
Nitrogen, mg/kg report report =2 
Water, mg/kg report report = 
Phosphorus, mg/kg report report report 
Metals (Al,Ca,Co,Cr,Cu,Fe,K, report report <0.1 per metal 
Mg,Mo,Na,Ni, Pb,Pd,Pt,Sn,Sr,Ti, 

V,Zn), mg/kg 

Fatty Acid Methyl Ester, mg/kg = 
Halogens, mg/kg report report =) 


(Continued) 


TABLE A.2 (Continued) 


Standard Specifications 


Conventional Jet A or Jet A-1 Blended with 100% FT-SPK or HEFA-SPK 
Jet A or Jet A-1 50% FT-SPK or HEFA-SPK Blending Component for 
Fuel Property (ASTM D1655-13) (ASTM D7566-13) Jet A or Jet A-1 (ASTM D7566-13) 
VOLATILITY 
Initial boiling point, °C report report report report 
10% recovered = 205 = 205 = 205 
20% recovered, report 
50% recovered, report report report report 
90% recovered, report report report report 
T50-T10, gradient recovery, °C N/A = als) 
T90-T10, gradient recovery, °C N/A = 40 = 
Final boiling point, °C = 300 = 300 report 
Distillation residue, % = 1.5 =1.5 =1.5 
Distillation loss, % = 1.5 =1.5 =1.5 
Flash point, °C = 38 = 38 = 38 
Density, 15°C, kg/m? 775—840 775—840 730—770 
Freezing point, °C Jet A = — 40; = —47 = —40 
A-1 = — 47 
Viscosity at —20°C, mm*/sec <8 <8 =8 
COMBUSTION 
Net heat of combustion, MJ/kg = 42.8 = 42.8 = 42.8 
Hydrogen content, mass % 
One of the following 
requirements: 
1. Smoke point, mm or = 25 = 25 = 25 
2. Smoke point, mm and =18 = 19 = 19 
naphthalenes, % volume a a = 
Calculated cetane index 
Copper strip corrosion, No. 1 No. 1 No. 1 
2 hr, 100°C 
THERMAL STABILITY 
2.5 h at control temp of 260°C 260 260 = 325 
Filter pressure drop, mm Hg <25 <25 <25 
Heater Tube deposits <3 =o <3 
CONTAMINANTS 
Existent gum, mg/100 mL <7 <7 <7 


“White cells indicate spec same as conventional fuel. 
"Light & dark grey cells indicate spec different from conventional fuel. 
“Dark grey cells indicate specification is different than for conventional and blended fuels. 


TABLE A.3 Select Standard Specifications for Conventional JP-8 Aviation Turbine Fuels With and Without FI-SPK 
and HEFA-SPK Blend Components 


Fuel Property 
COMPOSITION 

Acidity, total mg KOH/¢ 
Total aromatics, volume % 
Aromatics, mass % 
Cycloparaffins, mass % 
Paraffins, mass % 


Carbon and Hydrogen, 
mass % 


Sulphur, total mass % 
Sulphur, mercaptan, mass % 
or Doctor test, max 
Nitrogen, mg/kg 

Water, mg/kg 

Phosphorus, mg/kg 


Metals (Al,Ca,Co Cr,Cu,Fe, 
K,Mg Mo Na,Ni,Pb,Pd,Pt, 
Sn,5r,Ti,V,Zn), mg/kg 


Halogens, mg/kg 


Fatty Acid Methyl Esters, 
mg/kg 


VOLATILITY 


Initial boiling point, 
°C report 


10% recovered 

20% recovered, report 
50% recovered, report 
90% recovered, report 


T50-T10, gradient 
recovery, °C 


T90-T10, gradient 
recovery, °C 


Final boiling point, °C 
Distillation residue, % 


Distillation loss, % 


Conventional JP-8 
(MIL-DTL-83133H 
w/Amendment 1) 


< 0.015° 
= 2D 
report 
report 
report 


report 


= 

< 0.002 
negative 
report 
report 
report 


report 


report 


report 


report 


= 205 
report 
report 


report 


N/A 


N/A 


< 300 
<1.5 
<1.5 


Standard Specifications 


Conventional JP-8 Blended with 
50% FT-SPK or HEFA-SPK (MIL- 
DTL-83133H w/Amendment 1) 


= 0.015 
=8<25° 
report 
report 
report 


report 


=0.3 

= 0.002 
negative 
report 
report 
report 


report 


report 


report 


report 


= 205 

report 
report 
report 


>15 


=> 40 


= 300 
<1.5 
<1.5 


100% FT-SPK or HEFA- 
SPK Blending Component 
for JP-8 (MIL-DTL-83133H 
w/Amendment 1) 


report 


= 99.5 


< 0.0015 
< 0.002 
negative 
=2 

= 75 
== 


= 0.1 per metal 


=| 


For HEFA-SPK =5 


report 


= 205 
report 
report 
= 
N/A 


N/A 


< 300 
<1.5 
<1.5 


(Continued) 
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TABLE A.3 (Continued) 


Fuel Property 

Flash point, °C 
Density, 15°C, kg/L 
Gravity API at 60°C 
Freezing point, °C 


Viscosity at —20°C, 
mm/sec 


COMBUSTION 


Net heat of combustion, 


MJ/kg 


Hydrogen content, 
mass % 


One of the following: 
1. Smoke point, mm or 


2. Smoke point, mm 
and 


Naphthalenes, % 
volume 


Calculated cetane index 


Copper strip corrosion, 2 h, 
100°C 


Filter pressure drop, 
mm Hg 


Heater Tube deposits 
CONTAMINANTS 
Existent gum, mg/100 mL 
Particulate matter, mg/L 


Filtration time, minutes 


Conventional JP-8 
(MIL-DTL-83133H 
w/Amendment 1) 


= 38 
0.775—0.840 
= 37.0 = 51.0 
=— 47 

<8 


= 42.8 


= 13.4 


“White cells indicate spec same as conventional fuel. 
"Light & dark cells indicate spec different from conventional fuel. 
“Dark grey cells indicate specification is different from conventional and blended fuels. 


APPENDIX A: STANDARD AND ALTERNATIVE FUEL SPECIFICATIONS 


Standard Specifications 


Conventional JP-8 Blended with 
50% FT-SPK or HEFA-SPK (MIL- 
DTL-83133H w/Amendment 1) 


= 38 
0.775—0.840 
= 37.0 < 51.0 
=— 47 

=8 


= 42.8 


= 13.4 


100% FT-SPK or HEFA- 
SPK Blending Component 
for JP-8 (MIL-DTL-83133H 
w/Amendment 1) 


= 38 
0.751—0.770 
202 D7 
=— 47 

<8 


= 42.8 


= 13.4 


APPENDIX A: STANDARD AND ALTERNATIVE FUEL SPECIFICATIONS 


TABLE A.4 Select Specifications for JP-8 


Property JP-9 JP-10 


Composition Methylcyclohexane (10—12%), 


CH CH, 


3 


CH, | cH 
i ee os a A 


EN 


a 
A Na n 


Ha CH 
CH, CH, 
Perhydronorbornadiene dimer 
(20—25% wt), and 
Teoh 
PNN 
ck | 
CH 


CH oy 
CH, 


Exotetrahydrodicyclopentadiene 

(see JP-10) (65—70% wt.) 
Minimum 
heat content 


39573 MJ /m° (142,000 Btu/ gal) 


Density at 
15°C 


0.935—0.955 kg/L 


Freeze point = 90°C (03:2 F) 


Flash point => 21°C (70°F) 


A.4 JET-P 9 AND 10 SELECT 
SPECIFICATIONS 


Table A.4 describes the composition and 
select properties for JP-9 and JP-10 as com- 
pared to JP-8. 
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, JP-9, and JP-10 Fuels 


JP-8 


Exotetrahydrodicyclopentadiene Paraffins (70—85% vol.) Aromatics 


(<25% vol.) Olefins (<5% vol.) 
CH, 


2 


34835 MJ/m? (125,000 Btu/gal) 
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Appendix B: Commercial Biofuel Flight 
Demonstrations (Data Collected by 
Innovate Washington 2013) 


TABLE B.1 Flights with Biofuel %, Distance (Miles), Gallons Biojet Consumed, Number of Flights 


Distance Gallons Biojet Number of 
Flights Biofuel (%) (Miles) | Consumed Flights 


RECURRING OPERATIONS 


Finnair, A319, 20 Jul. 2011 (3 flights) 50 945 6000 3 
Interjet, A320, 21 Jul. 2011 (2 flights) 27 866 333 2 
DLH, A321, Jul. 2011—Dec. 2011 (1187 flights) 50 255 466,800 1187 
KLM, 737, Sep. 2011—Feb. 2012 (200 flights) 50 247 17,310 200 
Alaska, 737, Weekly flights Nov./Dec. 2011 (11 flights) 20 2320 7271 11 
Alaska, 737, Weekly flights Nov./Dec. 2011 (64 flights) 20 129 2355 64 
Aeromexico, 737, Weekly flights, Nov. 2011—2012 25 1190 17,628 52 
(~52 flights) 

KLM, 777-200, Weekly flights, Mar.—Sep. 2013 (26 flights) 25 3630 26 


INDIVIDUAL EVENTS 


Virgin Atlantic, 747-400, 24 Feb. 2008 20 247 84 1 
Cargolux, 747-8, 22 Jun. 2011 15 5000 6651 1 
KLM, 737, 30 Jun. 2011 50 247 176 1 
Iberia A320, 5 Oct. 2011 25 301 107 1 
Aeromexico, 777, 1 Aug. 2011 30 5630 8912 1 
Thomson Fly, 757, 6 Oct. 2011 50 1730 1736 1 
Air France, A321, 21 Oct. 2011 50 376 252 1 
United, 737, 7 Nov. 2011 40 926 528 1 
(Continued) 
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TABLE B.1 (Continued) 


Distance Gallons Biojet Number of 


Flights Biofuel (%) (Miles) | Consumed Flights 
Thai Airways, 777, 22 Dec. 2011 50 353 2400 1 
Lufthansa, 747-400, 12 Jan. 2012 50 4070 12000 1 
Etihad, 777-300ER, 19 Jan. 2012 50 7460 13,500 1 
LAN, A320, 7 Mar. 2012 50 261 186 1 
All-Nippon Airways 50 4790 10,435 1 
Qantas, A330-300, 13 Apr. 2012 50 735 738 1 
Porter Airlines, Q400, 17 Apr. 2012 49 218 85 1 
Jetstar, A320, 19 Apr. 2012 50 378 189 1 
Porter, Q400, ICAO Rio + 20 ‘Chain of Flights’, 19 Jun. 2012 50 300 120 1 
Air Canada, A319, ICAO Rio + 20 ‘Chain of Flights’, 50 2020 1216 1 
19 Jun. 2012 

AeroMexico, 777-200 ER, ICAO Rio + 20 ‘Chain of Flights’, 50 4620 13,500 1 
19 Jun., 2012 

GOL, 737-800, ICAO Rio + 20 ‘Chain of Flights’, 19 Jun. 2012 50 213 152 1 
KLM, 777-200ER, 19 Jun. 2012 20 6070 5400 1 
Azul, EMB-195, 19 Jun. 2012 — — — 1 
LAN Columbia, A320, 21 Aug. 2013 33 250 93 1 


Total Biojet Consumed 596,155 1568 


Note: Page numbers followed by “f” and 


A 
A-ALD. See Acetylating acetaldehyde 
dehydrogenase (A-ALD) 
AAR. See Acyl-ACP reductase (AAR) 
ACARE. See Advisory Council for 
Aeronautics Research in 
Europe (ACARE) 
ACAT. See Acetyl-CoA 
acetyltransferase (ACAT) 
ACC/FAS system, 162 
Acetone-butanol-ethanol (ABE) 
fermentation process, 126 
Acetyl-CoA acetyltransferase (ACAT), 
172 
Acetyl-CoA synthase (acs), 158—159 
Acetyl-CoA-forming enzymes, 160 
Acetyl-coenzyme A (Acetyl-CoA), 156 
Acetylating acetaldehyde 
dehydrogenase (A-ALD), 
159—160 
Acidity, 70—71 
Acinetobacter baylyi, 170 
ACL. See ATP citrate lyase (ACL) 
ACP. See Acyl-carrier protein (ACP) 
Acr. See Acyl-CoA reductase (Acr) 
acs. See Acetyl-CoA synthase (acs) 
Acyl-ACP, 157—158 
Acyl-ACP reductase (AAR), 164—165 
AAR/ADO fusion construct, 
166—167 
Acyl-carrier protein (ACP), 156 
Acyl-CoA reductase (Acr), 167 
AD. See Aldehyde decarbonylase (AD) 
Additives, 56, 261—262 
for alternative fuels, 262 
additives for Jet A-1, 263t 
antioxidants, 262—264 
biocides, 266—268 
FSII, 268—270 
lubricity improvers/corrosion 
inhibitors, 265 
metal deactivators, 264—265 
seal swelling, 270—271 
soot removers, 271—272 


A ae 


Index 


static dissipators, 266 
thermal stability additives, 270 
water scavenger additives, 272 
Adequate ATF lubricity, 40 
ADO. See Aldehyde deformylating 
oxygenase (ADO) 
Advisory Council for Aeronautics 
Research in Europe (ACARE), 8 
targets, 8 
AEO. See Annual Energy Outlook 
(AEO) 
AET. See Atmospheric equivalent 
temperature (AET) 
AFQRJOS. See Aviation Fuel Quality 
Requirements for Jointly 
Operated Systems (AFORJOS) 
AgBIS. See E-a-bisabolene synthase 
from Abies grandis (AgBIS) 
Agricultural feedstocks in Brazil, 
340—341 
Agricultural residue, 19—21, 20t 
Agro-residue. See Agricultural residue 
AHR. See Fatty aldehyde reductase 
(AHR) 
Air pollutants, 134 
Air transport, 295 
Aircraft CO, intensity, 10—11 
Aircraft fuel systems, 40 
Aircraft materials, 52—53 
Airline industry and government 
targets, 7—8 
Airlines, 132 
AISAF. See Australian Initiative for 
Sustainable Aviation Fuels 
(AISAF) 
ALCA. See Attributional life cycle 
assessment (ALCA) 
Alcohol To Jet (ATJ), 36, 111, 325, 344 
fuels, 47—48 
process, 287 
Aldehyde decarbonylase (AD), 
164—165 
Aldehyde deformylating oxygenase 
(ADO), 164—166, 168 
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refer to figures and tables, respectively. 


Algae, 25, 217 
cultivation, 232—233 
non-oleaginous species for 
thermochemical upgrading, 26 
oleaginous microalgae, 25—26 
third-generation biofuels, 25—26 
Algal feedstocks hydrothermal 
processing, 217—218 
HTL products, 218f 
reaction mechanism, 219 
thermochemical processes, 218 
Algal-derived biofuels, 25 
Alka(e)nes, 164 
biosynthesis pathways, 166f 
production, 164—169 
Alkanes 
attempts to diversify alkane 
production, 169 
formation, 164—168 
proof-of principle production of, 168 
n-Alkanes, 244—245 
Alkene oligomerization, 255 
Alternative fuels, 110, 113—114. 
See also Sustainable fuels 
additives for, 262 
additives for Jet A-1, 263t 
antioxidants, 262—264 
biocides, 266—268 
FSII, 268—270 
lubricity improvers/corrosion 
inhibitors, 265 
metal deactivators, 264—265 
static dissipators, 266 
thermal stability additives, 270 
alternative jet fuel, 132 
air pollutants, 134 
climate change, 132—134 
fuel cost, 132 
government interest in, 135 
industry interest in, 135—136 
National Security, 134—135 
Alumina-based catalytic systems, 98—99 
American Society for Testing 
Materials (ASTM), 47, 300, 351 
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(3-Aminopropy)l)-tri-ethoxysilane 
(APTES), 96—97 
Annual Energy Outlook (AEO), 
138—139 
Antioxidants, 262—264 
APTES. See (3-Aminopropyl)-tri- 
ethoxysilane (APTES) 
Aquatic Species Programme, 4 
Arabidopsis thaliana, 167 
Aromatic content 
of product, 130 
biomass liquefaction to 
hydrocarbons, 131 
ethanol to aromatics, 130 
olefins to aromatics, 131 
products from zeolite at different 
temperatures, 131t 
reduced, 41—42 
Aromatic(s), 256—257 
alkylation, 256 
blendstocks, 131 
Aromatization/naphtha reforming, 256 
ASTM. See American Society for 
Testing Materials (ASTM) 
ASTM 7566 requirements, speculation 
on possible future changes in 
blend fraction constraint removal, 
42—43 
flash point reduction, 42 
historical trend, 41 
new generalized annex for 
fermented sugar production 
route, 42 
reduced aromatic and cycloparaffin 
content, 41—42 
small mass fraction blend annexes, 43 
ASTM D5001, 40 
ASTM D7566, 35—36, 38—41 
batch requirements, 37t 
Standard Specification, 47—48 
ASTM International Fuels Standards 
Committee, 315—316 
ASTM Standard Specification D1655, 
351 
ATF. See Aviation turbine fuels (ATF) 
ATJ. See Alcohol To Jet (ATJ) 
Atmospheric equivalent temperature 
(AET), 54 
ATP citrate lyase (ACL), 158 
Attributional life cycle assessment 
(ALCA), 284 
Australian Initiative for Sustainable 
Aviation Fuels (AISAF), 307 
Autoxidation, 262—263 


INDEX 


Aviation 
fuels, 261, 320 
kerosene, 103, 218 
transport, 191 
Aviation biofuels, 295, 339 
in Brazil, 339, 347t 
feedstocks and aviation biofuel, 
346f 
jet biofuel production in, 345f 
pathways for, 344—348 
sustainability of production, 
343—344 
development of aviation sector, 
295—296 
greenhouse effects from aviation, 
296=297 
Aviation Carbon-Neutral Growth 
Strategy, 135 
Aviation Fuel Quality Requirements 
for Jointly Operated Systems 
(AFQRJOS), 352 
Aviation turbine fuels (ATF), 35. 
See also Sustainable fuels 
molecular properties, 242 
composition, 245 
density, 244 
fluidity, 244—245 
fluidity-and density-related 
specifications for, 244t 
other properties, 245—246 
specifications for, 246t 
volatility, 242—244 


B 

BA. See British Airways (BA) 

Babassu DFAME (BDFAME100), 54, 
56, 57t, 61t 

Ball-On-Cylinder Lubricity Evaluator 
(BOCLE) test, 40 

BASF Kerojet Aquarius, 272 

Basic oxygen furnace (BOF), 133—134 

BAU. See Business as Usual (BAU) 

BC. See Biochemical conversion (BC) 

BDFAME20, 77 

BDFAME100. See Babassu DFAME 
(BDFAME100) 

Bicyclic aromatics, 39—40 

Bio-crude oil, 218 

biomass composition effect on 

production, 220—223 

Bio-jet fuels, 137. See also Sustainable 
fuels 

agreements on targets for 

implementation, 302 


conversion pathways for, 300t 
cost, 298—299, 299t 
feedstock availability for, 298 
instruments for implementation, 
302—304 
LCA, 286 
BC, 287—292 
lipids conversion, 287 
pathways to producing, 286f 
thermochemical conversion, 287 
policies influencing market, 
302—307 
sustainability criteria for, 307—308 
Bio-oil composition and properties, 
195—197 
Biochemical conversion (BC), 287 
ATJ process, 287 
for sugarcane, 291 
contributions to GHG emissions, 
2917 
HRJ pathways, 290 
HTL, 289 
microalgae, 287—289 
selected studies by feedstock and 
pathway, 288t 
Biocides, 266—268 
Biocrude oil from HTL of algae, 228 
bio-crude upgrading studies, 229t 
upgrading, 228—230 
Biodiversity, 28—29 
Bioenergy Review, 331 
Bioethanol, 110 
Biofilms, 267 
Biofuel FlightPath Initiative, 302 
Biofuels, 85 
in aviation sector, 295 
development of aviation sector, 
295—296 
greenhouse effects from aviation, 
296—297 
targets, 8—9 
Biofuels in aviation, prospects for 
aircraft CO, intensity, 10—11 
Aquatic Species Programme, 4 
atmospheric concentration of CO» 
emissions, 4, 5f 
Earth’s fossil fuel endowments, 5 
first-generation biofuels, 5 
government and industry initiatives 
to control air transportation 
CO, emissions, 7 
ACARE targets, 8 
airline industry and government 
targets, 7—8 


biofuel targets, 8—9 
European Emissions Trading 
Scheme, 8 
growth in air transportation, fuel 
use, and CO, emissions, 6—7 
historical growth, 7f 
in air transportation, 3 
historical jet fuel spot price and 
projected range of production 
costs of biofuels, 13f 
jet engine aircraft, 3 
oil-importing countries, 4 
opportunities and challenges, 12—14 
petroleum-derived jet fuel 
substitutes, 3—4 
reducing air transportation CO3 
intensity, 11—12, 11f 
second-generation biofuels, 5—6 
transportation system CO, 
intensity, 9—10, 9f 
Biomass, 26 
biomass-to-liquids process-based F- 
T synthesis, 242f, 254 
composition effect on bio-crude oil 
production, 220—223 
fast pyrolysis of, 197—203 
liquefaction to hydrocarbons, 131 
Biorefinery, 233—235 
Biosynthesis 
of isoprenoids, 172—174 
of mono-and sesquiterpenes, 173f 
BIS. See Department of Business, 
Innovation & Skills (BIS) 
Bisabolene, 152, 180 
Blend fraction constraint removal, 
42—43 
Blend wall, 138—139 
Blended-wing bodies, 43 
Blending, 56 
Blends with fossil kerosenes, 51 
BOCLE test. See Ball-On-Cylinder 
Lubricity Evaluator (BOCLE) test 
BOF. See Basic oxygen furnace (BOF) 
Botryococcus braunii, 25 
Brazil, biojet fuel policy in, 306—307 
Brazilian case study 
agricultural feedstocks in, 340—341 
aviation biofuels, 339, 347t 
feedstocks and aviation biofuel, 
346f 
jet biofuel production in, 345f 
pathways for, 344—348 
sustainability of production in, 
343—344 


INDEX 


land availability in Brazil for 
biofuels, 341—343, 342f 
roadmap summary for, 349 
Brazilian-produced sucrose, 18—19 
Breguet range equation, 38 
British Airways (BA), 326 
Business as Usual (BAU), 322, 325 
n-Butanol, 143—144 
Butene intermediate, 120 
Butenes, 130 
1-Butyl-3-methylimidazolium 
chloroaluminate ionic liquid, 
210—211 
Butyl-phenols, 264 
Byturic acid, 167—168 


C 
CAAFI. See Commercial Aviation 
Alternative Fuels Initiative 
(CAAFT) 
CAFE. See Corporate average fuel 
economy (CAFE) 
Camelina 
oil, 51 
pathways, 289—290 
seeds extraction, 53 
Camelina FAME (CAMFAME100), 56, 
59t 
CAR. See Carboxylic acid reductase 
(CAR) 
Carbon 
leakage, 333 
neutral machines, 135 
taxes, 136—137 
Carbon dioxide, 315 
emissions, 6—7 
UK SA CO, Roadmap, 315—316, 316f 
Carbon monoxide, 241 
Carbon—carbon coupling of alcohols, 
123 
Carbonyl intermediate, 124—125 
Carboxylic acid reductase (CAR), 167 
Catalysts, 204—205 
effect on HTL of microalgae, 225—226 
metal oxides, 210 
metal-impregnated zeolites, 209 
supported metal, 209—210 
zeolites, 205—209 
Catalytic fast pyrolysis of biomass, 
197—210, 205t. See also Fast 
pyrolysis of biomass 
catalysts, 204—210 
process flow diagrams, 204f 
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Catalytic hydrothermolysis (CH), 344 
Catalytic pyrolysis, 131 
CDFAME100. See Coconut DFAME 
(CDFAME100) 
CDP-ME. See 4-Diphosphocytidyl-2C- 
methyl-p-erythritol (CDP-ME) 
CDP-ME 2-phosphate (CDP-MEP), 
172—174 
CDP-ME kinase (CDP-MEK), 172—174 
CDP-MEK. See CDP-ME kinase (CDP- 
MEK) 
CDP-MEP. See CDP-ME 2-phosphate 
(CDP-MEP) 
Cellulose, 192—194, 194f 
pyrolytic degradation, 198 
Cellulosic biomass residues, 13 
Cellulosic residues and wastes, 346 
CERI1, 167 
CER3, 167 
Certification and performance 
additional post-blending 
requirements, 37t 
all-new, non-drop-in fuels, 
prospects for, 43 
batch requirements, 37t 
drop-in fuel property requirements, 
38—41 
speculation on possible future 
changes in ASTM 7566 
requirements, 41—43 
standards, 35—38 
Certification schemes, 309 
Certified fuels, 319 
CFPP. See Cold filter plugging point 
(CFPP) 
CH. See Catalytic hydrothermolysis 
(CH) 
Charring, 203—204 
Chemical materials, 51—52 
Chestnut cupulae pyrolysis, 202 
Chlorella, 220, 223 
C. salina, 25 
C. vulgaris, 25 
Chromium absorption, 232—233 
CLCA. See Consequential life cycle 
assessment (CLCA) 
CLH. See Compania Logística de 
Hidrocarburos (CLH) 
Climate change, 132—134 
effect of, 30—31 
Climate policy, 297 
Cloud point, 67—68 
CMP. See Cytidyl monophosphate 
(CMP) 
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Co-processing lipids with refinery 
streams, 88—90, 89t 

Coconut DFAME (CDFAME100), 54, 
56, 59t 

Codon-optimization, 153—155 

Cohesive energy, 77—78 

Cold filter plugging point (CFPP), 
68—69 

Colour, 71 

Combustion cleanliness, 39—40 

Commercial algal lipid fuel 
producers, 26 

Commercial Aviation Alternative 
Fuels Initiative (CAAFD), 48, 
113—114, 332 

Commercial biofuel flight 
demonstrations, 359t 

Compania Logistica de Hidrocarburos 
(CLH), 51—52 

Compartmentalization, 158 

Composites, 53, 53f, 64, 80 

Composition, 245 
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